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ABSTRACT 
A horizontal sliding boat LPE system has been constructed for m-V semiconductor 
material growth. By using the melt back equilibrium cooling method, GaAs and Al^Ga^.^s 
epilayers on semi-insulating Cr-doped GaAs substrate were grown at 780 °C to 840 
with various cooling rates ranging from 0.1 to 0.5 °C/mm. Liquidus conq)ositions in the 
phase diagrams ofGa-As and Al-Ga-As material systems were determined and found to 
be a little higher than the values given in the literature, which is believed to be caused by 
the experimental errors and instrumental discrepancies between one measuring system 
and another. Background inqmrity ofundoped GaAs epilayer was found to be 2.8x10^^ cm"^  
by using Van der Pauw Hall measurement. Dependence of growth condition upon different 
parameters, such as cooling rate，baking tenq)erature and growth tenq)erature, were 
verified by theoretical model. When growth tenq)erature was increased from 780 °C to 
820°C, conductivity type and free carrier concentration was found to be n-type and 
decreasing from 2.8x10^^ to 1.4x10^^ cm'^, as the growth ten^erature was fiuther increased 
to 840 the conductivity type changed to p-type and free carrier concentration was 
increased to 1.8x10^^ cm'^ . In our investigation, O�contamination is found to be the origin 
of n-type inqmrity while C 彻 and Si^ are believed to be the p-type in^urity in the system 
Standard deviation of aluminium con^osition and layer thickness in Al^Ga^.^s san^les with 
x=0.91 and cooling rate of 0.1 °C/mm could be as low as 3% and 2.4% respectively. 
Further san^les of Te doped Al^Ga^.^s epilayers were examined by the X-ray 
diffiactometry, spectroscopic ellipsometry, cryostatic Van der Pauw Hall measurement and 
Normaski microscopy to study the surface morphology and interface between epilayer and 
substrate. The results suggest that a low cooling rate, says 0. l°C/nmi, should be used to 
guarantee a better crystal quality and surface morphology. 
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CHAPTER ONE - INTRODUCTION 
Liquid phase epitaxy (LPE) was first introduced in 1963 by Nelson and Ditrick [1] for the 
growth of heavily doped p-type Ge layers on n-type Ge substrate for the fabrication of 
tunnel diodes. Nelson later reported an extension of this work, using an identical system 
for the growth ofGaAs from Ga solutions on GaAs substrates. Thereafter there have 
been many modifications to Nelson's technique [3-11] and LPE has been proved to be a 
flexible method to grow high crystal quality epilayers of semiconductor co—ound for 
material studies, microwave and optoelectronic devices. 
Many prototypes of electronic semiconductor devices were constructed on LPE materials 
on LPE based structure [12-14]. One of the most iirq)ortant exan^les was the 
GaAs/AlGaAs double heterostructure (DH) laser diode which can provide continuous 
wave lasing at room ten^erature. Later on InP/InGaAsP DH lasers cw operating at 
beyond 1 fim, GaAsSb/AlGaAsSb and GaSb/AlGaAsSb were also achieved on LPE 
materials in their elementary stage of development. Other exan^les were the 
pin-photodiodes [15-19] in the system oflnP/InGaAsP, InP/InGaAs and GaAs, the first 
monolithically integrated planar Gunn devices [20], integrated bipolar transistor-laser 
circuits [21]，LiGaAs pin-FET photoreceivers [22]，the avalanche photodiodes [23-26] in 
the system of InP/InGaAsP, InP/InGaAs, GaSb/GaSb/GaAlSb, InP/InGaAsP, 
InP/MGaAs and GaSb/GaAlSb were also based on LPE materials. In recent developments 
[27-32], researchers have used LPE system in constructing their first semiconductor 
devices such as InGaAsP distributed feedback lasers, InGaAsP three terminal 
phototransistors, InGaAsP multi-quantum well lasers and rare earth doped InGaAsP 
injection lasers. 
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Apart from the fundamental merits ofLPE such as its ine?q)ensive development and 
running cost, con^aratively safer process with less toxic elements and no need for 
installing e邓ensive big air supply and conditioning system, in the past few years, new 
techniques were still introduced as new elements into LPE system to make it more 
versatile and con^etitive with other crystal growth methods such as MOVPE and MBE. 
Those new elements were namely automation of the process, larger wafer area up to 
50nmi in diameter, multiwafer boat and refined boat construction. 
Our LPE system in CUHK, which was developed with the co-operation of Physics 
department of Peking University of China, is the first LPE system in Hong Kong and has 
successfiiUy achieved the first Al^  pGao iAs epilayer on GaAs substrate in December 1991. 
The aim of this work is to investigate the LPE technique and determine the growth 
condition in the crystal growth ofAl-Ga-As ternary and Ga-As binary system for the use 
of device materials in the fixture. 
In the following chapter, we would have a brief review on the fundamental principle of 
LPE method and the crystal growth mechanism. Basic requirements, setup and calibration 
of the LPE system will be presented in chapter three. Then a detailed description of the 
experimental procedures will be outlined in chapter four. In chapter five, results of our 
experiment in investigating our LPE grown saiq)les are discussed. Finally we will make 
a conclusion of the thesis in chapter six. 
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CHAPTER 2 - THEORY 
The properties of gallium arsenide have been investigated for over 30 years and a very 
large literature has evolved. Before we go into the subject of LPE system and theory, a 
brief summary of fundamental physics of GaAs and AlGaAs is stated. 
2.1 Fundamentals of GaAs and AlGaAs 
The crystalline semiconducting confound, GaAs is a conq)oimd combining group m 
(Ga) and group V (As) elements from the same row in the periodic table, Ga atom has 
one valence electron less and As atom one electron more than those atoms from group 
IV of periodic table such as Ge, Si, diamond etc.. The charge exchange inherent in 
the bonding of the GaAs lattice adds an ionic con^onent to the predominantly covalent 
bond found for archetypal group IV semiconductors, such as germanium (Eg= 0.66eV) 
and silicon (Eg= 1.12eV), the bandgap of GaAs is expected to increase (Eg= L42eV), 
offering a wider range of electrical properties and optical properties conq)arative to other 
group IV elements. When different element atoms from group II，IV and VI are doped 
into the lattice, they will act as shallow donors and acceptors in the GaAs lattice, extra 
degrees of freedom are available when conq)ared to the situation in germanium. 
AlGaAs is an alloy of mixed crystal between GaAs and AlAs, which allows the band gap 
to be changed without significantly changing the interatomic distance, hence provides an 
ideal engineering material to solve our problems encountered during designing electronic 
devices or integrated circuits. Although GaAs posses so much assemblances with group 
IV elements, there are lots of different characteristics between GaAs and group IV 
semiconductors to distinguish them. 
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2.1.1 Crystal structure and properties of GaAs 
GaAs [33, 34, 35] has a density of 5.314 gcm^ and crystallises in an arrangement where 
each atom is at the centre of a regular tetrahedron whereas with other kind of atoms lie 
at the four comers. This is the zmeblende structure and is broadly equivalent to a 
diamond structure except that GaAs consists of two equivalent interpenetrating 
face-centred cubic lattices，one containing Ga atoms and the other As atoms. These 
dissimilar atoms give rise to a shift of valence charge between them and produce a 
polar covalent bond (hybrid of ionic and covalent bond) con^ared with the covalent 
bond of Ge and Si, owing to this strengthening of bonding，the melting point and 
hardness of GaAs is conq)aratively higher than that of other Group IV elements (except 
diamond which has extreme strong pure covalent bonding). The symmetry of GaAs 
lattice, which lacks of a centre of symmetry, is obviously lower than that of Si. This 
e邓lains why the absorption of infra-red radiation phonons is possible in GaAs but not in 
Si. The further consequence of the presence of dissimilar atoms makes cleavage most 
J 
easily occur in the {110} planes rather than the {111} planes, as the layers of atoms 
forming the {111} planes are alternately con^osed of Ga and As atoms, if these are 
differently charged, it makes the planes more difficult to separate. Whereas, in the {110} 
planes, each plan con^oses of equal number of Ga and As atoms so there is no overall 
electrostatic attractive force between the planes, this makes the {110} planes more easily 
separated. Cleavage facet formed by the {110} plane is an excellent optical plane, it can 
be used as optical resonant facets for laser diode. 
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2.1.2 General properties of GaAs and AlAs at 300K 
Some general properties [35] of GaAs and AlAs at 300K are summaried in the table 2.1 
as follows: 
PARAMETERS GaAs AlAs 
Lattice constant a (A) 5.6533 5.661 
Density (g/cm^) ^-36 3.76 
Thermal e邓 ansion coefficient AL/LAT (10"V�C) 6.4 5.2 
Elastic stiffiiess constant (lO^ 
dyn/cm) ~ i T ^ 
C斜 — 5.94 5.89 
Young's modulus (10" dyn/cm') 8.53 8.35 
Con^ressibility (10"'" cmVdyn) 1.33 1.28 
LO photon energy (meV) 36.25 50.09 
TO photon energy (meV) 33.29 44.88 
Debye Ten^erature (K) 370 446 
Thermal resistivity (deg-cmAV) 2.27 1.1 
Bandgap energy (eV) 1.424 2.168 
Effective mass, vo l^m^ 
r-vaUeym； 0.067 0.15 
X-vaUeym； 0.23 0.19 
^ 1.3 1.1 
L-vaUeym*, 0.0754 0.0964 
“ 1.9 1.9 
light hole w；^  0.087 0.15 
heavy hole m*^ 0.62 0.76 
split off band m ； ^ 0 . 1 5 0.24 
Electron affinity (eV) 4.07 3.5 
Dielectric constants 
8 /£„ s u 
s"Sq 10.88 8.16 
Table 2.1 - General properties of gallium arsenide at 300°K, [35]. 
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2.1.3 Temperature dependence of bandgap for GaAs 
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Fig. 2.1 - Bandgap of gallium arsenide as a function of temperature, [40]. 
At room tenq)erature and under normal atmosphere, the vahie of the bandgap is 
1.42 eV for gallium arsenide. Fig. 2.1 shows the measured bandgap as a fimction of 
tenq)erature. The bandgap approaches 1.52 eV for gallium arsenide at OK The variation 
of bandgap s with tenq)erature can be e?q)ressed as [4], 
(5.4x10-^)7^ 
EG(T) = 1.52 — ( 卿 4) (2.1) 
The temperature coefficient DEJDL is negative for gallium arsenide (i.e.，the bandgap 
decreases with increasing tenq)erature). 
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2.1.4 Dopants of GaAs 
The atoms from group H element of periodic table occupy Ga site of GaAs and form 
p-type infinities. The atoms from group m elements can occupy Ga site or As site to 
form either n type or p type in^urities in GaAs. Whereas group IV elements can form n 
or p im^mrities depended on the growing conditions. 
The ionisation energies for various in^urities in GaAs at 300 K can be tabulated as 
follows [37，38, 39] 








(Ionisation energies are measured from the bottom of the conduction band) 
















Cu 0.23，0.14, 0.19，0.24，0.44 
Fe 0.37,0.52 
Cr 0.79 
(Ionisation energies are measured from the top of the valence band) 
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2.1.5 Properties of Al^Ga^.^s 
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Fig. 2.2 - Bandgap of aluminum gallium arsenide as a function of temperature, 
[40]. 
[40] is a mix crystal of GaAs and AlAs. The properties ofAl^Ga^.^s crystal 
depend on the conc^osition x of AlAs conq)onent in the crystal. The bandgap of 
varies with x is shown in Fig. 2.2. The bandgap ofAl^Ga^.^s varies from 
direct bandgap to indirect bandgap as the conq)osition x increases from 0 to 1, in the 
direct bandgap portion (0<x<0.45), energy band gap can be expressed as 
五容=1.424+1.247JC (2.2) 
The bandgap of Al^Gaj.^s is an indirect band gap for x lies between 0.45 and 1，in this 
portion, the bandgap energy can be e?q)ressed as 
JEg = 1.985 + 1.147(jc- 0.45)2 (2.3) 
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Fig. 2.3 - Refractive index of Al^Ga^.^s as a function of composition x of 
Al,Ga, ,As, [40]. 
Another property that varies with the conq)ositions (x) of AlAs is the refractive index of 
The refractive index decreases as the content of AlAs is increased, and this 
phenomena can be expressed as 
= 3.590-0.710X + 0.09 IX^ (2.4) 
Figure 2.4 shows the variation of the lattice constants of GaAs and AlAs as a function of 
ten^erature. The lattice constants of GaAs and AlAs at 300K is 5.6532A and 5.6607A 
respectively. However, the two lattice constants are matched at around 900°C. Due to a 
slight difference in the thermal e?q)ansion coefficients，A a/a AT = 6.4xlO"V�C in GaAs 
and 5.2xlO^/°C in AlAs, there is a slight lattice mismatch between GaAs and AlGaAs at 
300K, which can be expressed as 
(2.5) 
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lig .2.4 - Lattice constants of GaAs and AlAs as a function of temperature, [40]. 
The lattice constant ofAl^Ga^.^s lies between that of GaAs and AlAs, which increases 
linearly with x and terrq)erature. 
2.2 Phase Equilibrium of GaAs and AlGaAs 
Li a ni-V semiconductor phase diagram, the liquidus compositions are generally in 
equilibrium with the 1:1 m-V conq)oiinds. This means there is a large degree of freedom 
in choosing the conq)ositional variation in the components of the liquid and the vapour in 
order to have a crystal precipitation while the equilibrium with the system is still 
maintaining. This large degree of freedom for growing binary solid solutions, where the 
stability and the close stoichiometry of this solid phase conq)ouiid in IH-V binary system 
are easily obtained, makes it very useful in the material engineering. 
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2.2.1 Phase Diagram of Ga - As Binary System 
Phase diagram represents the relationships between tenq)erature and the compositions 
and the quantities of phases at equilibriuni Figure 2.5 shows a typical phase diagram of 
gallium arsenide HI-V binary system. Referring to the graph, the melting ten^erature of 
gallium is 29.8�C and that of arsenide is 810�C. In the diagram, if a saturated solution 
with con^ositions X^ at ten4)eratures T, is cooled to tenq)erature 1；, a thermodynamic 
driving force for precipitation of GaAs will be created until the solution reaches a new 
saturation with composition X^ on the liquidus at ten^erature T^  . At a given 
ten^erature, 
Xca + X s^ = 1，the general equilibrium for solid GaAs in equilibrium with a liquid solution 
of Ga and As is 
Ga(I) + As (I) GaAs(S) (2.6) 
飞込f 810 1 
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Fig. 2.5 - Schematic phase diagram of a binary m-V system (Ga-As), x denotes the 
mole fraction of As, [40]. 
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Fig. 2.6 睡 Liquidus composition versus reciprocal temperature for GaAs, [42]. 
A detailed derivation of the phase diagram based on the regular solution model was given 
by Casey and Panish [40] and Stringfellow [41]. The result for the binary system is 
RT l n [ 4 x ( l 一 x)] + ^SF(TF 一 7 ) + 2 ( 1 / 2 - xfaiT) = 0 (2.7) 
where ASp and Tp are the entropy and t e卿 erature effusion of the m-V confound, 
respectively, R = 1.9872 cal/(model K) the gas constant, a(T) the liquid interaction and x 
the mole fraction of As parameter. Equation (2.7) describes the liquidus shown in figure 
2.5. Under the condition of very dilute solutions ( x « l ) , which is fiilfiUed at a low 
teirperature (around 500�C to 800�C)，equation (2.7) becomes 
x = \ QXP(ASF/R)QXP[-'(ASFTF + a/2)/RT\ (2.8) 
Thus, the liquidus function of 1/T as shown in figure 2.6, e?q)erimentally it has been 
found that for many binary systems a(T) has a linear tenq)erature dependence, 
a(T) = a + bT (2.9) 
where a and b are constant. 
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Then equation (2.8) can be written as 
X = ^ exp[(ASF 一 l?yR]exp[-(ASFTF + a)/RT} (2.10) 
The ejqperimental Hquidus data for GaAs is given in figure 2.6, a sem-logarthmc plot of 
the liquidus curve is used here to permit representation of the very dilute solution of As. 
Experimentally, the GaAs mole fraction in gallium solution X^^^ can be e?^ressed as 
^^ GoAs = (6 X 10-2) X 10[3 7ixi(r3(r。)-6xio~^ (r。)2] (之⑴ 
where T � = (T- 900) 
2.2.2 Phase Diagram of Al-Ga-As Ternary System 
A 
A C% • C 
Fig. 2.7 - A typical triangular co-ordinate used to represent a ternary III-V 
system, [52]. 
Generally a triangular co-ordinates is used for ternary system, as shown in figure 2.7. In 
the figure is a typical example of the shape of a liquidus isotherm in the group HI rich 
region ofan B™ C^ system. AB line represents the binary A and B, so do BC and 
CA lines correspondingly. To illustrate the method of reading a con^osition of an alloy 
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in ternary system, a typical exan^le is shown in figure 2.7, concentrations of A, B and C 
axe read in anti-clockwise direction and the sum of three element concentrations is a 
constant, hence, 
+ (2.12) 
in figure 2.8，with the help of dashed line grid, the con^osition can be read directly from 
the sides of the triangle illustrated. Thus it can be seen that the conq)osition at the point 
O is 60% A, 10% B，30% C. 
When a liquidus isotherm is drawn in a triangular co-ordinate as shown in figure 2.8，says 
As 
n , / \ 
/ TIE LINE ^ ^ 
y A ^ 900\lQUIDUS \ 
Ga^ Al 
Fig. 2.8 _ The 900°C Al-Ga-As liquidus isotherm. The tie line is drawn from 
Xas = 0.01 to the equilibrium solid Al^ ^ ^ jGa j^^ As, [52]. 
900�C isotherm, we can imagine each point on the isothermal curve corresponds to a 
particular conq)osition of solid Al^Ga^.^s. The con^osition of solid and liquid in 
equilibrium at a particular tenq)erature is connected by a tie line as shown. In design of 
device, phase diagram as shown in figure 2.8 is not accurate enough to get detail 
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information as the scale is too large to do so. In order to get more informative details 
from the phase diagram, detail derivation of the ternary phase diagram is also done by 
Casey and Panish [40] and Ilegenms and Pearson [43]，as with the binary system, the 
general equilibrium is expressed in terms of chemical potentials: 
[LAL(T) + ^AS(T) - _ S ( T ) = 0 (2.13a) 
^Ga(T) + - llGoAsiT) = 0 (2.13b) 
and the evaluation of ternary system can be expressed as the following equations: 
( 4 丫 肩 二 � ) e x p [ 字 ( r T - 7)] = UIAS{T)X(T) (2.14a) 
( 4 Y G “ 7 y r ) A ^ G ^ ( D ) e x p [ ^ ( j ^ “ A 一 7)] : - x ( 7 ) ] (2 .14b) 
FOAI^ASCO 
These equations represent the relationship between the ternary liquidus and solid 
composition at a given tenq)erature T. The assun^tions that have been made are that the 
term in AC% can be neglected and that the binary liquid solutions Al-As and Ga-As can 
be represented as smq)le liquids with linear tenq)eratiire dependent a's. The general 
relationship between the activity coefficients Y i (y 二 /X^, where a^  is the activity), the 
con^ositions X^  and the binary interaction parameters a for the ternary system can be 
summarised as the following equations by Jordon [44] • 
RTHLJAS = OLAIASX^I + ACAASXL^ + (AALAS + ACAAS 一 CLALGA)XALXGA (2.15a) 
RT\XIYGA = OIGAASX\, + AALGAX% + (AOAAS + CULGA — CXAIASV^AIXAS (2.15B) 
RTLNYAL = O.AIASX\, + AALOAXL^ + (AALAS + CC^ /Ga - CXGAAS)XGAXAS (2.15c) 
For a mimber oflll-V systems, a single solution treatment may be used to adequately 
represent the solution, then for AlGaAs, we have [45] 
RTHL JALAS 二 CLAMS-GAAS (2.16a) 
RT]N JGOAS 二 OLAJAS-GOAS (1 一力2 (2.16b) 
These two equations permit elimination of the activity coefficients y ^ a n d i n 
equations (2.14 a, b). With the above equations and parameters (such as 3 interaction 
parameters, 2 ten^eratures offiision, 2 entropies offiision) given by different 
literature [43,46,47], the liquidus curves (figure 2.9) and the solidus compositions as a 
fimction of the liquidus (figure 2.10) are obtained, from which the amounts of As and A1 
for a saturated ternary Al-Ga-As solution at a particular ten^erature can be estimated 
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when an assigned value ofAl composition in the solid (which is in equilibrium with the 
solution at the temperature) is given. 
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Fig. 2.9 - Liquidus isotherms in the Al-Ga-As system, [40]. 
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Fig. 2.10 - Solidus compositions in Al^Ga^.^s as a function of liquidus 
composition, [40]. 
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2.3 Principle of LPE Growth 
2.3.1 General Concept of Liquid Phase Epitaxy 
Liquid phase epitaxy (LPE) means the growth of thin films from metallic solutions on a 
crystalline, oriented substrate. The solvent element can either be a constituent of the 
growing solid, such as Li, or Ga. The solvent contains a small quantity of a solute, such 
as As in Ga, which is transported towards the liquid-solid interface. The process is 
controlled best if this transport occurs only be diffusion, hence the driving force in the 
solution is a concentration gradient of the solute. 
The growth front ofLPE is largely determined by seeding. In this respect, we have to 
differentiate between seeded solution growth and LPE growth for the sake of clarity. 
We can mainly summarise the differences between them by two points. Firstly, nucleation 
of seeded solution growth is usually done at a particular location and ten^erature 
whereas in LPE growth the growth front is preferentially a planar one. Secondly, seeded 
solution growth essentially produces a bulk material of crystal growth while in LPE a 
thin layer of planar material growth will be resulted. 
Generally speaking, LPE growth can be classified into 2 categories. The first one is a 
transient system, in which a saturated solution of the appropriate coiiq)osition is cooled 
down in a controlled manner, to obtain a layer of homogenous desired layer of material. 
The second one is a steady state system, in which the source melt is placed at a lower 
teirqperature region in the furnace while the substrate is located at a relatively higher 
ten^erature position. When the source and the substrate are brought together, a thermal 
gradient is generated and acts as a driving force to form a thicker layer of homogenous 
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material layer con]|)ared to that of the transient system. In con^aring these two methods, 
the transient system is a more suitable one for obtaining a thin epitaxial layer of 
homogenous material for optoelectronic devices. 
In the transient system, the general concept of LPE can be summarised and illustrated in 
figure 2.5. The thermodynamic driving force is generated by cooling the system below the 
saturation teitq)erature (or the liquidus) of the liquid solid phase diagram. LPE growth 
takes place at a much lower tenq)erature than the melting point of the binary confound, 
says 600-800�C，where in this range of operating temperature, the quality of the grown 
layer is found to be better than that of melt growth (the crystal growth upon the melting 
point 1238°C). Lets consider the LPE process starts at point a on the liquidus as shown, 
at which the Ga-rich liquid is saturated with As-solute at the ten^erature T^  . As the 
system is cooled steadily from T^  to T^ by a ten^erature difference AT, it moves to point 
b where the liquid and solid phases coexist, so that a thermodynamic force drives the 
precipitation of GaAs until the precipitation ends at point c. During the process, the solid 
conq)ositioii moves from point d to point e on the solidus (as shown in figure 2.5 on 
page 12，as the solid composition is stoichoimetric for this binary system, so the 
con^osition between the two points are almost the same, however this stoichoimetric 
characteristic is no longer holding in the. ternary or quaternary system, where the 
con^osition of solid varies as the cooling process proceeds as shown in figure 2.11 [48]. 
A con^osition of liquid A-B-C is in equilibrium with a corresponding con^osition of 
solid A-B-C at a given ten^erature and the coexistence of these two different phases can 
be represented by connecting a tie line between the liquidus and solidus at the given 
teiiq)erature. As the ternary system is cooling from (2) to (1) as shown in the figure, a 
solid richer in A will precipitate as the epitaxial layer, the solid conq)osition varies as 
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curve a on the solidus while the liquid C0nq)0siti0n varies as curve b on the liquidus. 
~ — 7 1 7 T 
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/ V / / / Between T2&T1 
N ^ / 
Fig 2.11 - Three dimensional phase diagram for the liquidus and solidus of a ternary 
m-V system in equilibrium with the solid solution A^ B^ .^ C, [40] • 
2.3.2 Fundamental Methods of LPE Growth 
Basically the LPE method can be divided into 3 steps, first, supersaturation of the melt; 
second, making contact between the melt and the planar substrate on which the layer is 
going to precipitate on; third, separating the melt and the substrate after time t. In figure 
2.12, the tenq)erature-time profile of the epitaxial process is shown schematically. 
First of all, the Ga-rich solution will be heated up to a tenq)erature above the saturation 
ten^erature of the liquidus for a few hours in order to get a homogenous melt, and then 
the melt is cooling down to the starting ten^erature (TJ at which the saturation of the 
melt is attained and the planar substrate is introduced to make contact with the melt, after 
time t, the substrate is withdrawn from the melt and the whole process is finished at 
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Fig. 2.12 - Temperature-time profile diagram illustrating different methods of 
LPE, [33]. 
time Tg. Fundamentally, there are three techniques used to cool down the melt and to 
attain the saturation of the melt, and depending on the technique used, epilayers of 
different thickness and quality of morphology will be resulted in time t. 
1) Step-cooling - the melt is saturated at T^ and cooled down to T^ so as to 
obtain a supersaturation of the melt and then the substrate is introduced into 
this supersaturated melt at T^ . Keeping the tenq)erature of the system at 
constant, a layer of desired solid will be precipitated until the melt is back to its 
equilibrium position on the liquidus. 
2) Equilibrium-cooling - the melt is heating up to its saturation ten^erature T^ for 
a few hours to obtain a homogenous melt, and the starting tenq)erature T^ is 
equal to Tg. Once the substrate is brought into the melt, the system is cooling 
down at a constant cooling rate. Considering the picture in a microscopic way, as 
the melt is cooled down a little bit (6T), the melt is moved to a position under the 
liquidus and a thermodynamic force will drive it back to a new position on the 
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liquidus corresponding to (T^ - 5T) on the phase diagram, in this maimer, we can 
imagine the position of the melt is moving in a zig-zag path along the liquidus and 
terminated at a position corresponding to Tg. 
3) Supercooling -this is a method of superposition of step-cooling and equilibrium 
cooling. After the solution is cooled down from T^ to T^ to start the precipitation 
(the substrate is made contact with the melt at that moment) and then the whole 
system is cooled down at a constant cooling rate as that in the equilibrium 
cooling method and terminated at T .^ 
2.4 Dopants in GaAs and AlGaAs System 
Controlling the conductivity types and carrier concentration of engineering material is a 
very in^ortant step in the design of semiconductor devices. In LPE system, doping is 
relatively sinQ)le con^ared with that of other epitaxial methods. Inserting the dopant 
elements directly into the melt to obtain the saturated solution for crystallisation is all we 
need to do. The amount and the group of the dopant element in the periodic table 
determine the carrier concentration and the type of conductivity of the deposited layer. 
Most common dopant elements used in IH-V conq)ourids in LPE are group HB (Zn, Cd), 
IVA (Si, Ge, Sn) and VIA (S，Se, Te) in the periodic table. When Group 皿 elements 
melt in the IH-V conq)oiiiid melt at a particular tenq)erature, it tends to substitute for 
group in element gaining valence electron to form a covalent bond and hence it appears 
as an acceptor in the grown layer. On the other hand, group VIA elements bear one 
more valence electron than that is needed to form valence bond, and prefer to substitute 
for the group V element in the IH-V conq)oimd. Hence group VIA elements incorporate 
with the group V lattice and act as the donors in the grown layer. Group IVA elements 
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are an^hoteric, either group m lattice site or group V lattice site can they be incorporated 
with, and appears as either a donor or an acceptor in the grown layer depends on the 
various factors. The carrier concentration and type of carrier in the grown layer are 
mainly determined by the growth ten^erature, partial pressure of the system and the 
equilibrium condition of the conq)onents in the system. 
To measure the electrical properties of the deposited layer, the layers are generally grown 
on an opposite type conductivity substrate to form a P-N junction or on an high resistant 
substrate and one can measure the required properties by the Van der Pauw method of 
Hall measurement. 
2.4.1 Common dopants in GaAs 
In LPE, most common used n-type dopants in GaAs are Sn & Te and p-type dopants are 
Ge and Si. At LPE ten^erature range (600�C to 1000�C), Sn has a low vapour pressure 
and the distribution coefficient is small, in the order of 10�while the solubility of Sn is 
very large. So Sn can be used as homogenous dopant in^urity for n-type GaAs epitaxial 
layer. In some cases，a mixture of Sn and Te are used in double doped method, the 
advantage of this method is to mq)rove the epitaxial quality. While a high carrier 
concentration is required in the epilayer, Te tends to be the best candidate of all for 
preparing a high conductivity epilayer, the carrier concentration of a Te-doped GaAs 
epilayer can be as high as cm^. Apart from Te and Sn, Ge and Zn are also common 
n-type impurities. Relationship between the carrier concentration in LPE GaAs epilayer 
and mole fraction of Te, Zn, Ge and Sn in the solution at 800°C is shown in figure 2.13. 
From the figure, carrier concentration in the lower range, to 10 " cm"^  has shown a 
linear dependence with the mole fraction in the solution. As the carrier concentration goes 
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into the order of cm.�，this relationship is no longer held. 
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Fig. 2.13 - Relationship between carrier concentration in LPE GaAs epilayer and the 
mole fraction of Te，Zn, Ge and Sn in the solution at 800°C，[40]. 
2.4.2 Tellurium in GaAs 
As mentioned in the above paragraph, Te is another useful n-type impurity in GaAs, as 
well as AlGaAs, because the distribution coefficient of Te is much larger than the other 
n-type inqmrities，such as Sn, its distribution coefficient in GaAs is in the order of 10"^  
while that of Te is in the order of 10 \ Figure 2.14 shows the relationship between the 
effective distribution coefficient of dopants and ten^erature, in which, distribution 
coefficient of tellurium increases with decreasing the growth tenq)erature. In a similar 
maimer, distribution coefficient of Se shows the same relationship. On the contrary, the 
distribution coefficient of Sn increases exponentially with increasing tenq)erature. Besides, 
the vapour pressure of Te is relatively much higher than that of Sn, so a portion of Te will 
be lost as vapour in the hydrogen stream in the reaction chamber during LPE growth. 
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Fig. 2.14 - Relationship between effective distribution coefficient and temperature 
2.4.3 - Silicon in GaAs 
Silicon being a group IV element in the periodic table is an anq)hoteric dopant for gallium 
arsenide conq)ound. Si exists in GaAs lattice in 3 different species. When Si substitutes 
Gain the lattice site, Si contributes as donor and is denoted as Si^,; whereas, when Si 
substitutes As in the lattice site，Si contributes as acceptor and is denoted as Si彻；the third 
spice that exists in GaAs lattice is the nearest neighbour pair of Si^ ^ and Si彻，which is a 
dimer compound and is denoted as [Sic^-SiJ. The behaviour of Si in the LPE grown GaAs layer depends on the growth conditions such as growth temperature, cooling rate, crystal rientatio  and Si c ntent in the growth solution. In general. Si-doped GaAs is p type t low tenq)erature, whereas the conductivity type of Si-doped GaAs is n type in the h gh temp rature region,. A ra sition tenq)erature for the c a g  of condu tivity type of Si doped GaAs has bee sh wn to b  ex sted nd thi  transi ion tenq)erature is related 
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Fig. 2.15 - A plot of atomic fraction of Si in the growth melt versus transition 
temperature of conductivity types in Si-doped GaAs with different crystal 
orientation, [40]. 
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with the crystal orientation and the content of Si in growth solution. The relationship of 
the conductivity types of GaAs LPE layer with the concentration of Si in growth solution 
for (111) Ga, (111) As and (100) GaAs substrate are shown in figure 2.15. While in 
figure 2.16 relationship of conductivity type with the growth ten^erature and atomic 
fraction of Si in the growth solution is shown. 
2.4.4 Tellurium and Tin in Al^Ga^.^s 
Te, as well as Sn, has shown to be very useful dopants in Al^Gaj.^s material system too. 
As we know the energy band gap ofAl^Ga^.^s changing from direct bandgap to indirect 
bandgap abruptly as the value of con^osition x of the alloy increased, the value of x for 
this abrupt changing in bandgap is known to be about 0.38. The ionisation energy of Te 
and Sn are found to be increased remarkably on this transition of energy bandgap in 
figures 2.17 and 2.18 which shown in the following page, where relationships between 
carrier concentration of Te and Sn doped Al^Gai.^s and the value of con^osition x of 
AJGai.^s have been plotted respectively with fix mole fraction of Te and Sn in the 
growth melt. In the case of Te，carrier concentration in the Te-doped alloy has been 
found to be independent with the value of x when x < 0.2，whereas the carrier 
concentration is dropped abruptly (about 10 times) in the range of0.21 < x < 0.46. Then 
this increases slowly with x increased . This in^lies the ionisation energy of Te has not 
been concerned with the value of x at the beginning，however, as the energy bandgap 
changes from direct one into the indirect one, this ionisation energy increases by about 10 
times. Then the value of ionisation energy decreases slowly with x increased. In figure 
2.18, for Sn, net carrier concentration reduces slowly when x<0.1, then as the value of x 
increases, carrier concentration reduces rapidly. 
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CHAPTER THREE - LPE SYSTEM FOR GAAS AND 
ALGAAS 
H. Nelson [49] is the first people who used LPE system in his research for homoepitaxial 
growth of GaAs and Ge by the tipping method as shown schematically in figure 3.1. 
T^HERMOCOUPLE 
XUBE^ ^ growth 
GRAPHITE B O A T ^ ^ ^ ^ x C ^ 7 
SOLUTION 
Fig. 3.1 - The tipping apparatus used by Nelson for the epitaxial growth of GaAs 
on GaAs wafer. 
In the system, a GaAs wafer was dipped into a saturated solution of the desired 
composition at a high ten^erature, then the system was cooled down slowly and a 
homoepitaxial layer of material was successfully grown on the wafer's surface by 
precipitation. Afterwards the system and the methodology of LPE has been constantly 
improved and consequently mutilayers and better quality homogenous material layers 
are then reported by different groups. 
Figure 3.2 shows a schematic diagram of our LPE system. In a standard LPE system, it 
mainly consists of a quartz tube flushing with high purity hydrogen gas providing an 
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Fig. 3.2 - A schematic diagram of our horizontal sliding LPE system, 
ultra-clean suitable environment, in which a graphite crucible for holding the solution and 
the wafer is placed and the whole quartz tube including the graphite crucible is heated in a 
temj^erature controlled fiimace [50]. Apart from the tipping method mentioned above, 
there are still other techniques used to start and terminate the contact between the wafer 
and the solution or the crystal growth process, such as dipping, sliding and moving by 
centrifugal force. 
LPE system using dipping method consists of a vertical fiimace and a growth quartz 
tube in it, a graphite crucible holding the saturated solution at the lower end of it，with 
immersing the substrate into the saturated solution and cooling down the system slowly, 
a layer of desired material is grown. In the version of Holmes and Kamath [51]，up to 
one kilogram of solution is placed in the graphite crucible, substrates can be introduced 
one by one into the saturated solution. Afterwards, German manufacturers uses dipping 
method wdth a horizontal furnace and two large containers of saturated solution in their 
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mass production of LED and IRED wafers and as hundreds of2-inch wafers can be 
immersed into the melt in one time. Although the thickness homogeneity of the layers 
grown by this method is not very ideal, this is good enough for producing a large amoimt 
of LED and IRED wafers at a extremely low cost. 
3.1 Basic Requirements for Horizontal Sliding LPE System 
The most widely used system is the horizontal multi-bin slider system as used in our 
laboratory, shown in figure 3.3，which enables the growth of multilayer structures. 
I IhU^  1 
： 
Fig. 3.3 - Photograph of our horizontal sliding LPE system 
1) It consists of a tenq)erature controlled furnace , figure 3.4，with programmable 
control often^erature in the range of lOOX to 1，300°C，to obtain a maximuin 
and most stable isothermal zone in the horizontal fiimace. The temperature 
control unit is calibrated with suitable values of P.I.D. and the maximum 
horizontal length of the isothermal zone is obtained. Under this setting, the 
fiimace tenq)erature can be raised up to 1,000��steadily within 40 minutes. 
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The ten^erature within the isothermal zone is maintained in the order of 士 0.05°C. 
During crystal growth, the precision of controlling the cooling rate of the 
isothermal zone can be as small as ±0.05°C/nmi. 
2) A photograph of the graphite boat we used in the e邓 eriment is shown in 
figure 3.5. The boat con^rises six solution chambers. There are two slots located 
at one end of the solder, one of it is used to hold the substrate and the other 
one is used to hold the melt after the crystal growth. The graphite boat is closely 
fitted with the barrel and still can be moved smoothly over the slider. 
3) A quartz boat，as shown in figure 3.6, provides a horizontal plane to 
accommodate the graphite boat and consists of a push-rod to initiate and terminate 
the contact between the solution and the substrate mechanically. 
4) A quartz tube, figure 3.7, is used as the growth reactor to accommodate the 
graphite boat and the quartz boat in a ultra high pure hydrogen atmosphere. At 
the bottom of the tube, there is a horizontal tubing lying under the quartz boat, 
in which a thermocouple is installed to measure the ten^erature. 
5) A good-sealing operating box, figure 3.8，is connected at the end of the 
the quartz tube. In this box, we may load the different ingredient in the solution 
chambers of the graphite boat and substrate to its slot on the slider under a pure 
nitrogen environment. 
6) Ultra pure hydrogen is used as a medium in the operating quartz tube, this 
in^ortant medium is generated by a palladium diffusion purifier, shown in 
figure 3.9, operating at 230°C. 
7) A good sealing pipeline and electromagnetic valves are used to monitoring the 
whole LPE process and guarantee the lowest contamination, safety of handling 
hydrogen, the highest vacuum condition and the best condition of the palladium 
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diffiision purifier. 
8) A high vacuum system (figure 3.10) consisting of an oil diffusion pun^ 
(figure 3.11) and mechanical back-up pum?) (figure 3.12) provides the required 
high vacuum at the order of 10"^  ton. 
9) Different types of pressure gauges are used to monitor the high vacuum system 
and to protect the fragile quartz tubing from bursting by high pressure. 
10) Sets ofNi-Pt thermocouple with accurate digital voltmeter are used to read the 
temperatures at the substrate and different parts of the fiimace. 
11) High purity and N^ gases with a purity of 99.99% are used in the palladium 
diffiision purifier and the operating box. 
12) Accurate electronic balance at the precision of the order ±0.05mg is used to 




Fig. 3.4 - Temperature controlled furnace 
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3.2 Cleaning Process of The LPE System 
An ultra-clean apparatus and environment in LPE system containing the minimum 
impurities is an indispensable factor to ensure the proper crystal growth mechanism 
taking place at the interface between melt and substrate surface, the homogeneity in the 
grown crystal layer, the desired type and degree of conductivity, the required 
composition of the grown layer for special purpose (e.g. lasing material as the active 
layer in an laser diode) and the best morphology that can be resulted from LPE. 
3.2.1 Cleaning Procedures of the Quartz Parts 
1) Place all the quartz parts, such as quartz boat and push-rod, into the quartz tube 
and hold the tube vertically with a pro-stand. 
2) Pour AR grade acetone solution into the tube and soak for 5 minutes. 
3) Then poiir out the solution, rinsing the tube with de-ionised water 3 times. 
4) Repeat step 2) and step 2) for twice. 
5) Soak the tube with AR grade ethanol for 5 minutes. 
6) Pour out the solution and rinse with de-ionised water 3 times. 
7) Repeat step 5) to step 6) for twice. Up to now most of the organic oily 
substances have been removed. 
8) The tube is then soaked with a warm (40°C) diluted (2-5%) quartz etching agent 
DECON 90 for 6 hours, and the tube with all other quartz parts are washed with 
de-ionised water for 3 times. 
9) A reagent ofClSIH^ OH: H^ O�：De-ionised water = 1: 1 ： 5) at around 
40°C is poured into the tube and soaked for 6 hours. 
10) Rinse the tube with de-ionised water 10 times. 
page 37 
11) An etching solution of (HCl: H A : De-ionised water - 1 : 1： 10) at around 4 0 � � 
is used to etch the quartz parts for 6 hours. 
12) Rinse the quartz parts with de-ionised water 10 times. 
13) After the system starts to run, the quartz parts should be cleaned regularly 
depended on the degree of contamination and the frequency of the system 
ruimmg. As such cleaning process is required, we may skip the procedures 
involving organic oily substance removal and repeat steps 8) to 12). 
14) When the quartz parts are contaminated severely with organic and inorganic 
compounds, prior to repeating steps 1) to 12)，we may use an etching reagent of 
(HNO3 : HCl = 1: 3) to etch the quartz parts for 12 hours. 
3.2.2 Cleaning Process of the Stainless Steel Tubing 
1) Pour AR grade acetone solution into the tubing and let it numing in the tubing 
continuously for 5 minutes and then pour it out. 
2) Rinse de-ionised water into the tubing 5 times. 
3) Repeat steps 1) to 2) 3 times. 
4) Pour AR grade ethanol solution into the tubing and let it miming in the tubing 
continuously for 5 minutes and then pour it out. 
5) Rinse de-ionised water into the tubing 5 times. 
6) Repeat steps 4) and 5) 3 times. 
7) Blow the tubing to dry with con^ressed 99.99% Nj gas. 
8) Etch the tubing with 10% dilute HNO3 solution for 15 minutes and then rinse 
with de-ionised water 10 times. 
9) Blow the tubing to dry with conq)ressed 99.99% Nj gas. 
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3.2.3 Cleaning Procedures of the Graphite Boat 
Dissemble the graphite boat and put it into a quartz beaker. 
1) Use clean room class rubbing swab to clear up all the graphite powder and 
dirt from the surfaces of all parts carefuUy, the swab may be soaked with 
some AR grade ethanol, and then blow dry with 99.99% N� . 
2) Pour AR grade carbon tetrachloride solution into the beaker with ultrasonic bath 
in the flume cupboard for 3 hour. 
3) Pour out carbon tetrachloride solution from the beaker, and soak the graphite 
boat with ethylene-trichloride solution with ultrasonic bath in the flume cupboard 
for 3 hours. 
4) Pour out carbon tetrachloride solution from the beaker, and soak the graphite 
both with AR grade acetone solution with ultrasonic bath in the flume cupboard 
and then AR grade ethanol, repeat this step 3 times. 
5) Rinse the graphite boat with de-ionised water for 10 times and then rub the 
surface of each part carefuUy with rubbing swab to clear up the rest of graphite 
powder on surface. 
6) Immerse all graphite parts into a beaker of de-ionised water and boil them for 
15 minutes and then pour out the hot water and add in cold de-ionised water. 
Repeat these steps for over 10 times to ensure all organic solution absorbed in 
the porous graphite boat is driven out. 
7) Continuous to rinse the parts with de-ionised water until no more graphite powder 
could be seen by our naked eyes. 
8) Immerse all graphite parts in a beaker of de-ionised water and heat it in an 90°C 
oven for 24 hours to dry them conq)letely. 
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9) Use the etching reagent mentioned in section 3.2.1 (14) to inimerse the graphite 
parts in flume cupboard for 24 hours. 
10) Pour out the etching reagent and rinse the graphite parts with de-ionised water 
more than 10 times. 
11) Because it is very difficult to clear up all the absorbed etching reagent from 
porous graphite, we will use the cleaning step mentioned in (6) to boil the parts 
with de-ionised water until the PH value of the water is no more acidic. Then the 
graphite parts are put into oven as mentioned in step (8). 
Finally all graphite parts are put into a high frequency induction fiimace at 
1200�C for more than 6 hours to drive away the volatile ions in porous graphite. 
12) Prepare a high frequency induction furnace up to 1300�C with quartz tube 
reactor and high vacuum system up to the order of 10"^  Pa. 
13) Clean the quartz tube reactor with the procedures mentioned above and then dry 
it in the fiimace at around 80°C. 
14) Put all the graphite parts into the highest ten^erature region in the quartz tube 
reactor, start the vacuum system to obtain a vacuum of at least 5x10"^  Pa, heat the 
parts up to 1200�C (white hot) for 6 hours while maintaining the vacuum of the 
system. Cool down the system to room ten^erature slowly. Finally turn off the 
high vacuum pvmp and now the graphite boat is ready to use. 
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3.3 Final Examination for LPE Growth 
3.3.1 Examine the sealing of the system. 
1) Turn off all ventilate valves of the vacuum system, and the mechanical pump is 
turned on for 5 minutes. 
2) Tap the cooling water for the diffusion pim^，and turn on the diffusion pun^. 
After 30 minutes, the diffiision is normally working. 
3) Open the vacuum valve for punning the cold trap till = IxlO"^ Pa, then pour the 
liquid nitrogen into the cold trap slowly till it is full of liquid nitrogen. 
4) Keep punq)ing the operating chamber until the pressure is dropped to below 
1x10-3 Pa jfthe pressure of the operating chamber can reach this value in a short 
time, says 20 minutes, it means the sealing of the operating system is promised 
and there is no obvious leaking in the system. 
3.3.2 - Examine the palladium hydrogen purifier 
Before the Pd-hydrogen purifier is used, the purity and contents of the purified hydrogen 
must be examined, there are mainly two methods can be used. 
3.3.2.1 - Measuring the dew point 
Connect the entrance of the dew point instrument with the exit ofhydrogen purifier, the 
purifier is then started, let the purified hydrogen flow through the dew point instrument. 
Several hours later the mq)urity gas and moisture adsorbed on the pipeline and the dew 
point instrument are cleared away by hydrogen flowing. Then the measured dew point is 
the purified hydrogen dew point. The lower ten^erature of the dew point is, the best is 
the purity is，because it indicates that the water content in the purified hydrogen is low. 
In general, the dew point terq)erature is requested to be as low as -70°C. The dew point 
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value indicates the quality of hydrogen purifier. In order to check the leaking of system 
and check the contamination of the growing tube, the purity of hydrogen exhausted from 
the tail gas exit of the reactor tube is measured, if the dew point of the exhausted 
hydrogen is about -70°C, the system is promised to be used. 
3.3.2.2 Measure the content of oxygen and nitrogen 
A special gas sample collector is connected with one of our LPE system pipelines, in 
which the purified hydrogen is supposed to flow through, at both ends of the collector 
with mechanical valves as connector between the collector and the pipelines. After the 
installation of the gas san^le collector is finished, let the purified hydrogen flow through 
the san^ling collector for several hours and then sample of purified hydrogen is 
collected. With the san^le of purified hydrogen, contents of oxygen and nitrogen are 
measured by means of the chromatographic analysis. Usually the content if oxygen must 
less than 1 ppmu It is worthy to notice that in measurement of the dew point and oxygen 
content should be done in the condition that the reactor tube is not heated. If the 
measurement is done in the heated reactor, several volatile materials, especially, the metal 
chemical compound will damage the probe in the dew point instrument and influence 
precision of the measurement. 
3.3.2.3 Adjusting and measuring the isothermal zone in the furnace 
Before an e?q)erimental plan is put into practise, measuring and adjusting the isothennal 
zone of the fiimace is one of the in^ortant steps to be noticed. The setting of the PID 
values of the ten^erature controller is calibrated and set to be P=3%, 1=180s and D=60s, 
several measurements of the horizontal ten^erature profile in the reactor chamber were 
made under the PID setting as mentioned, the measured horizontal ten^erature profile is 
shown in figure 3.13. 
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Fig. 3.13 - Horizontal Temperature profiles in the reactor chamber under the PID 
values ofP=3%, I=180s and D=60s. 
From the above figure, the maximum isothermal zone was found to be 120 mm in length 
and located at 120 mm from the left end side of the fiimace, with the left end of the 
fiimace covered by a metal plate. 
3.3.2.4 Measure of background impurity 
Before the new system is put into operation in the mq)urity concentration, the LPE 
system must be judge whether all the cleaning works are all right or examined. The 
cleaning in the high tenq)erature of graphite boat and growing tube is the main key. 
1) Heat the new cleaned graphite boat at 900�C and in the flow of hydrogen for a 
day. 
2) An undoped layer was grown on an SI-GaAs substrate, and make the hall 
measurement to calculate the in^urity concentration, usually the background 
concentration of the GaAs epilayer is in the range of 1-2 x cm"^  
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3.3.2.5 Inspection of the operating chamber 
LPE system has a sealed transparent polymethyl-methacylate gloves box with the flow of 
nitrogen. The chamber has two functions. First, it can protect the graphite boat and the 
sources etc. from the air, oxygen and moisture in the course of loading and unloading. 
Oxidation of the growth solution and contamination causing by the dust in air can be 
avoided. Second, the box can prevent operator from the damage coming from the 
poisonous gases, such as arsenic gas. The poisonous gas can be exhausted by flowing 
nitrogen. The gloves are cleaned by flowing a great deal of dry nitrogen through the 
gloves box in this course. 
1) The gloves box must be sealed without leaking. 
2) Avoid e邓osing the gloves box in the air by opening the box frequently. 
3) Let the nitrogen flow through the box for more than 30 minutes before opening 
the reactor quartz tube. 
4) After loading the source, keep flowing nitrogen for a certain time to exhaust the 
poisonous gases. The time is determined by the flow rate ofnitrogen. 
5) The purity ofnitrogen in the gloves box is more than 99.95%. 
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CHAPTER FOUR • EXPERIMENTAL 
4.1 Determination of GaAs and Al^Ga^.^s Content in the Source Melt 
Assuming M as the molar mass, W as the mass and N as the mole number of a element in 
the source melt, where 
(4.1) 
while, the atomic fraction of a particular element in the source melt X^，where i denotes 
the symbol of the element in periodic table, is given by 
Y ^ (4 2) 
…一 N1+N2+N3+……+N„ \ •， 
if the atomic fraction of element i in the source melt is known, then by the above 
equations, the mole number of it, N^  ,cm be determined by 
Ni =Xi * (Ni +N2 +N3 + ……+Ni) (4.3) 
where (N^ + Nj + N3 + + N )^ is the total number of mole presented in the melt 
source, with the value ofN^ determined, the required mass of element i can be easily 
found and is shown by the following equation, 
W i ^ N i ^ M i (4.4) 
4.2 Calculations of GaAs and Al^Ga^.^s Content in the Source Melt 
For the crystal growth of gallium arsenide, the mass ofpolycrystalline GaAs inserted 
into the source melt of gallium is interpreted as follows, assuming there is one gram of 
gallium liquid in the source bin, as one mole ofpolycrystalline GaAs dissolves in the melt 
one mole of Ga atoms and one mole of As atoms will be generated, so we have, 
page 45 
NooAsipofy) = Noa = NAS (4.” 
by eqn. 4.4 ^GaAs(poIy) = NAs说GaAs (4.6) 
by eqn . 4.3 Nas = Xas [NGa(J) + 2Nas\ (4.7) 
Given that M^^ = 69.72 g/mole, M^ = 74.922 g/mole, M ^ ^ = 144.642 g/mole, 
M^ = 26.982 g/mole, from equation 4.6 and 4.7, we have 
单 4.6 Nas = + 2 (糕 ) ] (4.8) 
EqnAJ WGOAS = NAS X 144.642 (4.9) 
Combining eqns. 4.8 and .4.9, we get 
� = 0.01434Y山 (4 
W d s — 6.9136x10-3-0.01383X^, ‘ 
from figure 2.5, at the growth tenq)erature of840°C, the atomic fraction of As atoms 
in the liquid, X^ is estimated to be 0.033, with this value and equation 4.10, the required 
amount ofpolycrystalline GaAs is calculated. 
Whereas if the growth layer is AlGaAs, amount ofAl and polycrystalline GaAs added to 
saturate one gram of gallium liquid at an assigned alumiimm co^osition and growth 
teir5)erature are interpreted as follows, in the source melt, 
Xoa XAS XAI = I (4-11) 
NAI 二禁I (412) 
斤 G“ = S + 器 （4.13) 
〜 广 思 （4.14) 
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By equations 4.2, 4.11, 4.12, 4.13 and 4.14，we have 
X j 7 = ^ (4.15) 
Mai ^GoAs ^Ga 
+ i (4.16) 
^GoAs ^GA 
Wpa I WGoAS 
Y — Mfja ^GoAs 
— 妒 〜 2 • "^GoAS 丨 WGa 
^GoAs ^Ga 
^Ga 
三 ^ (4.17) 
- , . , ^GoAS , ^Ga 
Mai ^GoAS ^Ga 
Dividing eqn. 4.15 by eqn. 4.17, we get 
XAI _ WAfMpa 
Xca WGa • Mai 
Woa •MAI •XAI — Wpa •MAI •XAI 
^ = MGaXGa" 一 Mcail-XAl-XAs) 
= > � " = ( 4 . 1 8 ) 
Dividing eqn. 4.16 by eqn. 4.17, we get 
XAS _ WGOAS •Moa 
Xoa Woa •MgoAS 
JJRR _ WPA •MGOAS •XAS 
�沙―二 MGa(\-XAl-XAs) 
^JVGaAs= 2,076 (4.19) 
from figure 2.10，with an assigned value of Al conq)osition and growth ten^erature, 
atomic fraction ofAl, X^ is estimated. According to the value ofX^, corresponding 
value o f X ^ at the particular ten^erature is also found in figure 2.9. Finally, the required 
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mass ofalumimim and polycrystalline GaAs are calculated by equations 4.18 and 4.19 
respectively. 
4.3 Experimental Determination of Source Melt Composition 
Owing to discrepancy of thermo-couples, ten^erature profiles in the furnaces and other 
factors between individual LPE systems, the liquidus data of the material system will be 
deviated from one system to another. So it is worth and necessary for us to have our own 
set of liquidus data for obtaining the saturation of the source melt. The method we used 
is based on the con^osition data by calculation from the rough liquidus data of phase 
diagrams and then experimentally determine our own con^osition data of source melt. 
We use the calculated composition data as the basis to prepare anjust-imsaturated 
source melt for LPE growth, by inserting a little less poly-crystalline GaAs in mass into 
the solution as predicted by calculation. This melt is then baked as usual at the baking 
tenq)erature and then bringing this melt in contact with a GaAs substrate at the growth 
temperature, by keeping this melt and substrate at growth ten]|)erature for not less than 
halfhour, subsequently a portion of the GaAs substrate is dissolved into the unsaturated 
melt to meet the liquidus condition of the material system phase diagram at that growth 
tenq)erature and resulted a saturated source melt for further crystal growth. In this 
experimental determination of liquidus condition, the actual mass of GaAs required in the 
saturated solution is equal to the sum of inserted mass in the experiment and mass of 
substrate dissolved in the experiment, mass of substrate dissolved is determined by 
subtracting mass of substrate before and after experiment. With this experimental 
method, a more reliable liquidus data of the material system is obtained. 
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4.4 LPE Growth Method 
Li the following e?qperiments of LPE crystal growth of GaAs or Al^Ga^.^s single 
epilayers, melt-back equilibrium cooling LPE method is used in run to run. In this 
method, the solution con^osition is first determined e?q)erimentally at the growth 
temperature T^ as described in the last paragraph. A gallium solution is heated at the 
baking te尋erature, T^ which is larger than T^ for hours and then is cooling down back 
to room temperature. According to the experimental data, a little less amount of 
polycrystalline GaAs from the required one is inserted into the baked solution while the 
amounts of other con^onents in the solution are added as requested. This unsaturated 
solution is then heated at T^ for hours. After baking the solution at T^ for hours, the 
solution is cooled linearly at a cooling rate of Rc down to T^ and brought in contact 
with the substrate with holding the system tenqfjerature at T^ for etching a portion of 
GaAs substrate back into the unsaturated solution and further homogenisation of the 
solution in not less than half an hour. Up to this step an homogenous saturated source 
solution is prepared and is further cooled linearly at R^ to the ending ten^erature T^ for 
crystallisation, where T^ and T^ is equal to the saturation ten^erature T^ on 
the liquidus. 
4.5 Thickness Control of LPE Epilayer 
One of the major parameters of the epilayer that we are interested in is the thickness of 
the epilayer. In order to have a good control of this parameter, some factors affecting 
this parameter must be noticed. Those factors are mainly growth tenq)erature, growth 
time, cooling rate, degree of saturation, cooling interval and height of the source melt in 
graphite bin. With keeping other fectors as constant, effect of factors on thickness of 
epilayer is summarised in table 4.1. 
page 49 
Factor Thickness 
Growth tcn^cmturc increased increased 
Growth time increased increased 
Cooling rate increased increased 
Degree of saturation increased increased 
Cooling interval increased increased 
Height of source melt increased increased 
Table 4.1 - Effects of different factors on controlling epilayer thickness 
4.6 Experimental Procedures 
In the following paragraphs, procedures of the whole process ofLPE crystal growth 
method will be presented in details. 
4.6.1 Temperature Schedule 
Tenq)erature / T ( °C ) 
� 
85C I 1 (4) 
n 厂 ^ ^^ ^^  
70C ^ 
/ Ga baking 1 I LPE growth 
I w 
2 5 6 8 10 12 14 16 1 8 ^ 
Time Axis /1 (hrs) 
Figure 4.1 - Temperature schedule of LPE process 
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In figure 4.1，a temperature schedule ofLPE process is shown schematically, at the 
beginning, the gallium liquid is heated up to 7 0 0 � C and the following steps can be 
basically divided into the following time intervals, 
(1) gallium baking under vacuum at 700�C; 
(2) gallium baking under a flush of high purity H^  gas at 850 °C; 
(3) loading the substrate, dopants and other materials into the source melt; 
(4) homogenisation of the source melt at a ten^erature of 10 °C above the growth 
ten^erature; 
(5) linear cooling down at a rate of R^ / °C per min to the growth ten^erature; 
(6) The source melt is brought in contact with the substrate, and the contact is held 
at the growth ten^erature for about half hour to obtain the saturation and 
homogeneity of the source melt; 
(7) Crystallisation under a constant cooling rate R^ / °C per min. 
(8) End of process, carrying away of the source melt and shutdown of the system. 
4.6.2 Preparation of Semi-insulating GaAs Substrate 
Owing to the special design of the graphite boat for horizontal sliding LPE system, 
substrate for the epilayer to grow on has to be tailored to meet the request of the system 
and process. 
4.6.2.1 Cleaving of GaAs Substrate 
To meet the dimension of the substrate slot in the graphite boat, each semi-insulating 
GaAs wafer is cleaved into the required dimension as shown in figure 4.2, 
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Fig. 4.2 - Schematic illustration of dividing a circular wafer to obtain the required 
substrate dimension for our LPE system. 
the wafer is then cleaved along the (110) crystal plane in order to a smooth cleaved 
surface. The procedures in cleaving the wafer are described as the following, 
1) placing the wafer on a filter paper, with its front surface facing the paper; 
2) using a stainless steel ruler and a diamond scriber, scratch the back of the wafer 
with the straight line pattern as shown in figure 4.2; 
3) placing the wafer on a glass plate wedge with the scratched straight line lying 
along the side of the glass plate; 
4) using a glass rod to kick the portion of the wafer outside the glass plate wedge, 
the wafer will then be cleaved along the scratch or the (110) crystal plane as an 
"kik" sound is listened. 
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4.6.2.2 Grinding of GaAs Substrate 
Thickness of substrate is a very critical parameter in LPE growth, as if the thickness of 
substrate is too large, it may obstacle the movement of the mechanical movement of the 
graphite boat, while if the thickness is too small, droplet of source melt may be left on the 
surface of epilayer as the melt is carried over the surface of the epilayer after crystal 
growth. As the height of the substrate slot is about 400 i^m and the thickness of our 
circular GaAs wafer is 450 jxm, there is a need for us to grind the wafer's thickness down 
to about 350 fim, the procedures are listed as follows, 
1) clean the cleaved wafer with a clean room swab and A.K grade ethanol, put it on 
a filter paper and blow it dry by high purity nitrogen gas; 
2) select a glass plate larger than the substrate in shape with a smooth surface, 
degrease and clean it for use; 
3) put three substrates on the glass plate with the optical smooth (100) plane of the 
substrate facing down on the plate surface; 
4) heat the glass plate with an electrical heater slowly to a terq)erature a little bit 
higher than the melting point of viscose which is used to attach the substrate on 
the glass plate; 
5) place the viscose bar near to the interface between the substrates and the glass 
plate surface to let it melts and slips into the interface between them, this avoids 
excess amount of viscose slipping into the interface, to provide a sufficient height 
of viscose to affect the parallel lining of the substrate surface; 
6) stop heating the glass plate, and let the viscose solidify, after that the excess 
amount of viscose at the surrounding of the substrate is removed by rubbing with 
acetone; 
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7) Grind the substrate with Aifi^ grinding powder at the size of 10 i^m until the 
thickness of the substrate is down to 370 to 380 fim; 
8) change the grinding powder size to about 5 |j,ni, grind the substrate until the 
thickness is near to 350 |Lim; 
9) heat the glass plate to melt the viscose, remove the ground substrate from glass 
plate, clean it with AR grade acetone and ethanol, blow it dry with nitrogen, keep 
it in a dry place for use; 
4.6.3 Weighing Gallium 
1) Prepare a quartz punning tube, filter paper, electrical heater, weighing bottle, 
stainless steel tweezers, clean all those apparatus with degrease reagent, HCL and 
finally de-ionised water. 
2) Prepare a etching reagent of HCL : D.LH^ 0 = 1 : 3 , heat it up to 70 °C. 
3) Heat some de-ionised water up to 70�C or above，and then place the gallium 
with its container into the hot water, gallium will melt immediately as its melting 
is only 38°C. 
4) Before dropping liquid gallium into the weighing bottle from its container, the 
first few drops of liquid gallium should be squeezed out, then the required 
amount of gallium should be dropped into the weighing bottle, the puin^ing tube 
is used to adjust the amount of gallium. 
5) Pour the hot HCL etching reagent into the weighing bottle, gallium will then 
liquidised into a gallium ball in the reagent as the surface tension of gallium is 
relatively larger, etching the liquid gallium ball for 30 seconds. 
6) Place the gallium ball with the HCL etchant into an ice water container, the 
gallium ball will then solidified into a solid gallium ball within one minute, 
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washing the gallium ball with cold de-ionised water over 10 times and then blow 
it dry with nitrogen. 
7) Keep the gallium balls in the refrigerator to avoid it from melting in the room 
temi^erature, otherwise, the gallium balls will be melt and merge together in room 
terr^erature. 
4.6.4 Starting the LPE System 
1) Switch on the main power of the system, the electricity supply of the temperature 
controlled furnace and the water supply for cooling system. 
2) Start the programmable ten^erature controller unit, enter step one in the 
program, so that the fUmace will be heated up to 700°C and remains stable at this 
ten^erature within one hour. 
4.6.5 Starting the Vacuum System 
1) Close all the valves. 
2) Turn on the mechanical purr^ for 5 minutes. 
3) Turn on the vacuum valve to test the vacuum level, if the vacuum level is as low 
as 10-1 Pa, the mechanical pun^ is working normally. 
4.6.6 Starting the Palladium H^ Purifier 
1) Close all the valves connected between the dffiision cell and other pipe lines. 
2) Pim^ the pipe line between hydrogen purifier and the hydrogen supply for a few 
minutes. 
3) Open the valve between diffixsion cell and vacuum system. 
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4) Pun^ the hydrogen purifier for a few minute to make sure that there is no 
hydrogen, oxygen or water vapour left in the diffusion cell. 
5) Turn on the heater in the diffusion cell chamber up to 330°C under vacuum. 
6) Close the valve between purifier and vacuum system after the ten^erature of 
diffusion cell is stable at 330°C. 
7) Open the valve between purifier and hydrogen supply, let high purity hydrogen 
flow in the diffiision cell. 
8) Open the hydrogen bleeding outlet, and adjust the flow rate at about 50 seem. 
9) Now the ultra high purity hydrogen is ready for use. 
4.6.7 Starting the High Vacuum System - the Diffusion Pump 
1) Turn on the water cooling system of the diffusion pimq). 
2) Turn on the valves connected between mechanical pmnp and diffusion pimq), 
pim^ the diffusion pun^ and start the heater of the diffusion pim^ at the same 
moment, during heating up the dffiision pun^, make sure that the water cooling 
system is working properly with a sufficient flow rate. 
3) After 30 minutes, the diffiision pim^ should be normally working，open the 
vacuum valve for pumping the cold trap, pour liquid nitrogen into the cold trap 
when the vacuum level is as low as = 10"^  Pa. 
4.6.8 Etching Gallium 
1) Pick out the gallium ball from refrigerator into a weighing bottle. 
2) Prepare an etchant of HCL with the composition ofHCL : DI water = 1 : 3 , 
warm this etchant to about 70°C with electrical heater. 
page 56 
3) Pour the warm HCL etchant into the weighing bottle containing gallium ball and 
etch for 30 seconds. 
J 
4) Pour out the warm etchant and dilute the rest of etchant with cold DI water, 
repeat this step for about 5 times. 
5) Place weighing bottle containing the gallium ball with DI water into an iced water 
container, shake the weighing bottle slightly until the gallium ball solidifies. 
6) Continue to wash the solid gallium ball with cold DI water about 10 times. 
7) Put the solid gallium ball on filter paper and blow it dry with high purity nitrogen 
stream. 
8) Weigh the etched gallium ball with electronic balance and place this gallium ball 
in the nitrogen filled operating chamber. 
4.6.9 Pumping the quartz reaction chamber 
1) Close the outlet valve of the quartz reactor, the inlet valve between the reactor 
and hydrogen purifier, turn off the high vacuum gauge. 
2) Open the vacuum valve connected with the back up mechanical punq), pump the 
reactor until the vacuum level is as low as 10'^  Pa. 
3) Open the high vacuum valve connected with diffusion pump, punq) the vacuum 
level of reactor as low as 10"^  level. 
4) Close all the vacuum valves connected with reactor and open the inlet valve 
connected with hydrogen purifier. 
5) Open the outlet valve of reactor until the pressure is just higher than the 
atmospheric pressure a little bit. Flush the reactor with hydrogen stream at a flow 
rate of400 seem 
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4.6.10 Loading and Purifying Gallium 
1) Close the outlet valve and hydrogen inlet of reactor. 
2) Open the chamber door between reactor and nitrogen filled operating chamber. 
3) Pull out the graphite boat, load the solid gallium ball into the bin of graphite boat 
in the nitrogen filled glove box, push back the graphite boat into the quartz 
reactor, close the chamber door. 
4) Open ultra high purity hydrogen inlet valve, flush the reactor with hydrogen for 3 
minutes at a flow rate of400 sccnL Then close the inlet valve. 
5) Punq) the reaction chamber up to 10"^  Pa, open the high vacuum valve punning 
the chamber with diffusion pimq), pour liquid nitrogen into the cold trap of 
diffusion pun^, in this first punning cycle, the vacuum level can be punned to 
about lO 2 Pa. 
6) Close vacuum valve and open hydrogen inlet valve, flush the reactor with ultra 
high purity hydrogen at a flow rate of400 seem for 5 minutes. Close the 
hydrogen inlet valve. 
7) Fump the reactor with high vacuum diffusion pun^, pour liquid nitrogen into 
cold trap. 
8) Repeat step 6 and? for one to two more times until the vacuum level is lower 
than lxl0_3 p^ 
9) Heat up the reactor to 700 bake the liquid gallium at this tenq)erature for 2 
hours under vacuum. 
10) Close the vacuum valves, fill the reactor with ultra high purity hydrogen. 
11) Heat up the reactor to 850 °C with a stream of ultra high purity hydrogen at a 
flow rate of400 seem for another 2 hours. 
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12) Cool down the reactor to room ten^erature with electrical fan under a 
continuous stream of hydrogen. 
13) Keep the baked liquid gallium in the hydrogen filled reactor. 
4.6.11 Cleaning Procedures of Substrate 
1) Degrease the GaAs substrate by soaking in warm AR grade acetone with 
ultrasonic cleaner for a few minutes. 
2) Pick it out and rub the surface with clean room swab slightly. 
3) Blow it dry by flushing with high purity nitrogen stream. 
4) Repeat step 1 to 3 for three times. 
5) Soak the GaAs substrate in warn AR grade ethanol with ultra-sonic cleaner for a 
few minutes. 
6) Pick it out and rub the surface with clean room swab slightly. 
7) Blow it dry by flushing with high purity nitrogen stream 
8) Repeat step 5 to 7 for three times. 
9) Wash the substrate with warm DI water with ultra-sonic cleaner for 5 times. 
10) Blow it dry by flushing with high purity nitrogen stream. 
11) Etch the substrate with an etchant of H2 SO4 : H^O^: DI water 二 5 : 1 : 1 for 30 
seconds, with a cold water trap surrounding the container of the etchant. 
12) Pour out the etchant from the container, add DI water into the container very 
slowly to dilute the etchant. 
13) Wash the substrate with warm DI water with ultra-sonic cleaner for 10 times. 
14) Blow it dry by flushing with high purity nitrogen stream, weigh it if necessary and 
keep this cleaned substrate in the nitrogen filled operating chamber. 
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4.6.12 Cleaning Procedures of Source Elements and Dopants 
4.6.12.1 Cleaning Aluminum 
1) Degrease the aluminum Imnp with the steps 1 to 10 shown in session 4.6.11 
except rubbing with clean room swab. 
2) Etch this alumiimm 1 胃 with an etchant of H3PO4 for 1 minute in an ultra-sonic 
cleaner. 
3) Wash the aluminum lun^ with warm DI water with ultra-sonic cleaner for 10 
times. 
4) Blow it dry by flushing with high purity nitrogen stream, weigh it if necessary and 
keep this cleaned substrate in the nitrogen filled operating chamber. 
4.6.12.2 Cleaning polycrystalline GaAs lumps and other metallic dopants (Te, Si) 
1) Degrease the lun^s with the steps 1 to 10 described in session 4.6.11 except 
rubbing with clean room swab. 
2) Etch the GaAs lun^s with an etchant of H2 SO4 : H2O2: DI water = 5 : 1 : 1 for 
30 seconds, etch the Te lun^ with an etchant of 5 % HNO3 for 2 minutes, 
whereas etch the Si lamp with a dilute HF etchant ( HF : HNO3 二 1 : 10) for 2 
minutes. 
3) Pour out the etchant from the container and wash the hm^s with warm DI water 
with ultra-sonic cleaner for 10 times. 
4) Blow it dry by flushing with high purity nitrogen stream, weigh it if necessary and 
keep this cleaned Imnps in the nitrogen filled operating chamber. 
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4.6.13 Loading the Source Materials into the Reactor Chamber 
1) Close the outlet valve and hydrogen inlet of reactor. 
2) Open the chamber door between reactor and nitrogen filled operating chamber. 
3) Pull out the graphite boat, load GaAs, A1 and the dopants into the baked liquid 
gallium in the nitrogen filled glove box, push back the graphite boat into the 
quartz reactor, close the chamber door. 
4) Repeat the procedures，steps 4 to 8, as described in loading the gallium ball into 
reaction chamber. 
4.6.14 Epitaxy Growth 
1) Heat up the source material in the graphite boat bin to a temperature higher than 
the growth ten^erature 10 under a stream of ultra high purity hydrogen at 
flow rate of400 seem for 2 hour. So that，homogenisation of the source melt will 
be obtained. 
2) Linear cool the system down to the growth temperature at a constant cooling rate 
R^，hold the tenq)erature of system at growth temperature for 30 minutes, 
remove one regulation plastic block from the pushing rod, push the rod and make 
the source melt in contact with the substrate for 30 minutes. 
3) After melt back, continuously cool down the system at the constant cooling 
rate R^�crystallisation takes place at this step. 
4) After crystal growth, remove all the regulation blocks on pushing rod and remove 
source melt from the substrate surface. 
5) Increase the flow rate ofhydrogen stream to its maxkmim, cool down the 
reaction chamber with electrical fan. 
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6) After the temperature of chamber down to room ten^erature, close all the valves 
connected with the chamber and keep the sanq)le in a hydrogen filled chamber. 
4.6.15 Turn off the diffusion pump 
1) Turn off the heater, cool the diffusion pmnp under 50 °C with water cooling. 
2) Close the valve connected with back up mechanical pump, turn off water supply. 
4.6.16 Turn off the Hydrogen Purifier 
1) Close the pure hydrogen source valve, and the outlet valve connected with the 
reaction chamber. 
2) Pun^ the pipe line between hydrogen source and purifier. 
3) Pimq) the diffusion cell chamber of the purifier, turn off the heater of purifier. 
4) Cut the punning from the mechanical pmnp when te卿 erature of diffiision cell 
chamber is under 80 Close all the valves of the purifier and keep the diffusion 
cell in vacuum. 
4.6.17 Turn Down the LPE System 
1) Take out the substrate and waste melt from reaction chamber, turn off the 
nitrogen supply to operating chamber. 
2) Clean all the parts of graphite boat with clean room swab, wipe off the remaining 
melt on the surface of the grown layer with warm DI water. 
3) Punq) the reaction chamber and keep the graphite boat and reaction chamber in 
vacuum. 
4) Turn off mechanical pun^ and main power of the system. 
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CHAPTER FIVE - RESULTS AND DISCUSSIONS 
5.1 Growth Condition Studies of GaAs 
5.1.1 Experimental 
Homogenous GaAs epilayers layers were grown by supercooling LPE method at 
different growth te叫eratures (T� ) in our horizontal reactor LPE system, where cooling 
rate could be adjusted from 0. l°C/miii to 0.5°C/nmi. Before we brought the (100) 
surface of GaAs substrate in contact with the saturated solution, this solution was heated 
up to 10° C above its growth ten^erature (T .^) as its baking tenq)erature (Tg), at this 
tenq)erature, the solution was heating under a stream of ultra high purity hydrogen gas at 
a flow rate of400 seem for a period of 4 hours. After this baking process, the solution 
was then cooling down to its growth tenq)erature (T^) at an assigned cooling rate, at T^ 
this solution attained its saturation on its liquidus was brought in contact with the 
substrate and then the system was continuously cooling down at its previous chosen 
cooling rate. After the system was cooled down for a fiuther ten^erature interval of 5°C 
deviated from T^，the epilayer crystal growth was finished. 
5.1.2 Phase Equilibrium of GaAs in the Range of 780 to 840�C 
Data of phase equilibrium varies from one system to another a little as the growth 
conditions of this conq)lex thermodynamic process in different systems may also be 
different from one to another. So for each LPE system, there is a need for us to study its 
own set of experimental data for the system. Phase equilibria of GaAs ranging from 
780°C to 840°C were studied experimentally as described in the previous session. The 
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values of mole fraction of As atoms in equilibrium with Ga-rich solution on the liquidus 
at a particular ten^erature were estimated by the smq)le calculation as described in 
session 4.2 and the mole fractions of As atoms in equilibrium with Ga on the liquidus 
was obtained and tabulated as follows, 
Ten^/oC Mass of Ga/kg Total mass of GaAs inserted into solutoin/mg 
780°C 2.978 130.1 
800�C 3.014 145.8 
820°C 3.07 192.3 
840�C 3.106 237.2 
Table 5.1 - Data of liquidus composition at different growth temperature 
data in table 5.1 was then plotted in figure 5.1 which shows mass of GaAs 
required to saturate 1 gram of Ga solution versus growth temperature. 
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1053 1073 1093 1113 
Growth Temperature (T_g/K) 
Fig 5.1 - mass of GaAs required to saturate 1 gram of Ga solution (M^^/mg) 
versus growth temperature (Tc/K) 
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To con^are our experimental results with those from other literature, data from different 
literature were tabulated in the following table, 
iTen^/Cl Data from [52] Data from [53] Data from [54] Our E邓.Data 
X^ i M ^ / m g X彻 |M 船“ X 彻 I ^ W m g X知 
780 0.017 35.88 0.0184 38.89 0.0181 38.03 0.0206 43.687 
800 0.021 44.5 0.0227 48.19 0.022 46.67 0.0228 48.374 
820 0.028 59.76 0.03 64.16 0.0272 57.57 0.028 63.528 
840 O ^ ^ 79.71 0.0334 71.69 0.0355 76.368 
Table 5.2 - Data of liquidus composition versus different growth temperature from 
different literature. 
The above data were then plotted in figure 5.2 and figure 5.3 to make a conq)arison 
between different data sources upon the relationship of liquidus conq)osition and mass of 
required GaAs inserted to make 1 gram Ga solution saturated versus reciprocal 
ten^erature (IOYT) K'^for GaAs respectively. 
Liquidus composition (X_As) 
4E-02 “ 
Data from re£ 52 
+ Data fromref 53 
4E-02 ^ E«a fromref 54 






8.984 9.149 9.319 9.497 
Reciprocal temperature (1E4/T) (1/K) 
Fig. 5.2 - relationship between liquidus composition (X^ ) versus reciprocal 
temperature (IOYT) K ^ for GaAs. 
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Mass of GaAs (mg) 
Data from ref 52 
8 0 "4" Data from ref 53 




8.984 9.149 9.319 9.497 
Reciprocal temperature (1E4/T) (1/K) 
Fig. 5.3 - Relationship between mass of required GaAs inserted to make 1 gram Ga 
solution saturated versus reciprocal temperature (lOVT) K'^for GaAs 
From figures 5.2 and 5.3, e邓erimental data based on our LPE system are generally 
agreed with the data from other literature but the values of our data are found to be a 
little bit higher than others. 
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5.1.3 Results of undoped GaAs Epilayers 
The grown layers of undoped GaAs on the high resistivity Cr doped GaAs substrate were 
cleaved and the thickness of layer were measured according to the procedures mentioned 
in chapter 4. Carrier concentration of the undoped layer was obtained by means of the 
Van der Pauw Hall measurement. The results were tabulated in table 5.3. 
TB/OCAyhours TJ°C V^C-mm' D/\IM carrier conc. /cm' 
^ 3 ^ ^ 5 10.5 1.8x1016 (p type) 
^ 3 820 0.3 5 8.1 1.4x10'' (n-type) 
^ 3 ^ 0 . 3 5 6.9 1.9x1016 (n_type) 
^ 3 780 0.3 5 5.4 2.8x10'' (n-type) 
^ 6 780 0.3 5 5.3 2.7x10'' (n-type) 
m 10 780 0.3 5 5.4 2.5x10'' (n-type) 
^ ^ 780 0.3 5 5.5 2.1x10''(n-type) 
^ 3 780 0.2 5 6.1 2.9x10'' (n-type) 
^ 3 780 0.4 5 4.7 2.8x10'' (n-type) 
^ 3 780 0.5 5 4.1 3.0x10'' (n-type) 
I I I I � 
Table 5.3 - Data of GaAs epilayers with different conditions as shown. 
where Tg - represents baking temperature; 
Atg - represents total baking time; 
Tq - represents growth ten^erature; 
R^ - represents uniform cooling rate; 
ATq _ represents teni^erature interval dropped; 
d - represents thickness of deposited layer; 
n - represents carrier concentration 
page 67 
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Fig 5.4 - Layer thickness (^im) versus growth temperature (K), 
with fixed At^，R�and AT^. 
Free carrier concentration / E15 cm'^ -3 
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Growth Temperature Tg / degree C 
Fig 5.5 _ Carrier concentration ( c m , versus growth temperature (K), 
with fixed At^，R�and AT^ • 
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Fig. 5.6 - Carrier concentration (cm^) versus baking time (hrs), 
with fixed R^，AT^ and T^. 
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Cooling rate (degree C/min ) 
Fig. 5.7 - Thickness of deposited layers (\i m) and deposition rate (xlO ^im per min) 
as a function of different cooling rates (°C/mm), with fixed At^，AT^ and T^ 
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Correspondingly graphs of deposited layer thickness versus growth ten^erature, carrier 
concentration versus growth ten^erature, carrier concentration versus baking time and 
deposited layer thickness and deposited rate as a function ofcoolin rates were plotted in 
figures 5.4, 5.5, 5.6 and 5.7 respectively. 
To interpret the results of our LPE epitaxial growth, we enq)loy the sin^lest description 
model ofdifiUsion limited epitaxial growth for m-V binary confounds，in which growth 
is assumed to be limited by the diffusion of As atoms to the growth surface and the 
change in solubility with ten^erature. Crystal growth of LPE epilayer has been descirbed 
by severval papers [53-57]. Thickness of deposited layer is given by [54] 
和 • ( 呈 ( 5 . 1 ) 
with the boundary conditions ofC^^ (x, 0) = C^JT。)，C\(0, t) = 
where R^ _ denotes linear cooling rate; 
C^^ - denotes the concentration of As in deposited layer; 
m - denotes the slope of liquidus curve at growth temperature; 
D - denotes the diffisitivity of As atoms; 
t - growth time; 
To _ preliminary supercooling tenq)erature; 
Tq - growth ten^erature and is equal to (T。，Ret). 
In our result, deposited layer thickness was found to be increasing as growth terqperature 
Tg increased according to figure 5.4，this agrees with equation (5.1) because C^^ 
decreasing with ten^erature increased as 
L]次 一 al 
where a � i s the lattice constant of GaAs and its value is directly proportional to 
tenq)eratiire. While difiRisitivity D of As atoms in the source melt was found to be 
4-5x10-5 cmVsec for all cases. [58] 
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From figures 5.5 and 5.6, conductivity type and concentration of free carriers in the 
deposited layer were shown to be dependent on baking temperature and baking time. The 
conductivity type of free carriers in the deposited layer changed from n type to p type as 
the baking te—erature increased from 780 to 840 °C with keeping the baking time as the 
same in all cases. As we know, oxygen contamination present in the source melt as 
gallium oxide is easily introduced into the system which contributes extra ionised donors 
to casue an increase of n-type free carriers in the deposited layer, meanwhile, oxygen 
contamination also results an decrease of electron mobility. Baking gallium in an ultra 
high purity hydrogen stream helps to suppress oxygen contamination, in the system, as 
ten^erature increasing, it activates the conversion of gallium oxide into gallium 
positively. However, when the baking ten^erature is further increasing, the number of 
accumulated ionised acceptors in the source melt will be large enough to convert the 
conductivity type of free carriers into p type by con^ensating the ionised donors. In 
order to identify the residual acceptor present in the deposited layer, researchers 
[59,60,61] made photoluminescence analysis at 77 K to show that the ionised 
acceptors present are believe to be Si^ and C知 shallow acceptors. 
According to the above explanation to the identities of the in^urities present in the 
deposited layer，it is clear that if the baking tenq)eratue is keeping at a constant 
temi^erature, carrier concentration is believed to be deceased as baking time increasing 
as shown in figure 5.6, because a longer baking time will favour the oxygen suppression 
in the source melt. 
From figure 5.7, the directly proportional relationship between deposited layer thickness 
and cooling rate R^ with other parameters kept constant was verified. 
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5.1.4 Results of Si doped GaAs Epilayers 
Growth of Si doped GaAs epilayers was carried out at the growth tenq)erature of 
840°C. Referring to the calculation mentioned in session 4.2, an unsaturated solution of 
GaAs melt was prepared, which contained of2.978 grams of gallium solution and 202.7 
mg polycrystalline gallium arsenide and then was baked for 3 hours. The required amount 
of Si inserted was determined based on the graphical analysis mentioned before. 
NAS = 5 . 0 6 8 X \0-'mole 
=> WGOAS = N a s • MGOAS = 0 . 0 7 3 3 g # 
Y _ Nsi 
_ NGA + 2NAS 
=> N s i = 7 x 10 -3 ( 点 + 2 X 5 . 0 6 8 x 1 0 - � 
=> N s i = 1 . 0 7 5 X IQ- '^mole 
JVsi = Nsi • Msi 
Wsi = 1 . 0 7 5 X 10 -4 x 3 0 = 3 . 2 2 5 x 
According to our calculation, 9.8mg of silicon lum^s were inserted into the pre-baked to 
obtain the expected in^urity concentration in the deposited layer. As one of the major 
usage of GaAs and AlGaAs material is using as the engineering materials of 
heterostructure, in order to calculate the distribution of optical intensity in the waveguide 
of the heterostructure, it is necessary for us to measure the refractive index of the doped 
andundoped epilayers. In this session, thickness, carrier concentration and refractive 
index of the layers were measured and cono^ared with that of the undoped GaAs 
epilayers. Results were shown in table 5.4. 
Results Thickness尔m Carrier Refractive 
r concentration / cm"^  index Epilayerr '^^ Vs. 
Si doped GaAs ^ 2.33x10” 3.881 
Undoped GaAs 2.80x10^' 3.863 
Table 5.4 - A summary of results of Si doped GaAs and undoped GaAs 
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5.2 Growth Condition Studies of Al^Ga^.^s for x=0.1 to 0.9 
LPE technique is widely used to prepare m-V confound epitaxial layers for microwave 
and optoelectronic devices. In particular, Al^Ga^.^s on GaAs has been successfully used 
for LED, laser and solar cell, for the characteristic properties ofAl^Gai.^s, such as its 
direct band structure with x > 0.4, high mobility free carrier charge, lattice match with 
GaAs and variable bandgap by changmg the aluminum content in the crystal. Problems of 
crystal growth for heterostructure in optoelectronics applications have been 
reported and widely investigated in the literature [62-71]. In those devices, epitaxial 
layers of well defined thickness and aluminum con^osition ofAl^Ga^.^s are required. In 
our experiment, repeatable and precise control ofAl^Ga^.^s epitaxial layers has been 
achieved by using horizontal sliding LPE system 
5.2.1 - Phase Equilibrium Studies of Al^ ^Ga^ .^ s for x=0.1 to 0.9 
Prior to any further studies on the material system, precise data of phase equilibrium of 
AlGaAs ternary system are very mq)ortant in LPE, and are determined by means of the 
melt back method as described before. 
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Results of e邓 eriments determined the related data of the liquidus in the AlGaAs phase 
diagram were shown in table 5.5, 
I&qpected co—osition x in Mass of Al inserted / mg Mass of GaAs used / mg 
A^Gai-^s 
0.9 12.2 6.3 
^ 5 10.8 
^ 3.3 14.9 
^ H 19.1 
^ L5 24.3 
M LI 
^ ^ ^ 
^ ^ 37.7 
^ ^ 40.4 
Table 5.5 - Results of the liquidus data of Al^Ga^ ^As 
The above data were then converted into the mole fraction of each con^onent in the 
solution by using the following equations, 
_ ^GOAS 
方々 一 WoalMca + IOVGOASIMGOAS) + WAIMAI 
y 二 Edl � ‘JVca /MGa + WGOAMgoAS) + WAIMAI 
Table 5.6 shows the liquidus con^osition (mole fraction of Al in the solution) at different 
solidus coniposition of AlGaAs, together with data from different literature [40，52]. 
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lExpected [Mass of A1 in Hquidus ( W J / m g [ M o l e fraction ofAl (X J in H ^ u s 
value of X Re£ [40] |Ref. [52] |e邓eriment Ref. [40] |Ref. [52] Experiment 
^ I I T n m 0 . 0 2 7 4 0.0275 0.03 
^ 57I 5 M 5 0.012 0.0128 0.0126 
^ 3^5 ^ ~ 3 3 0.0082 0.0075 0.0084 
~ ^ ^ ^ 0.00542 0.00514 0.0053 
^ 1.47 LS 0.00362 0.00371 0.0038 
^ n 1^5 LI 0.0026 0.00264 0.0028 
O ^ ^ ^ 0.00164 0.00178 0.00175 
^ ^ 0.42 0.4 0.00092 0.00105 0.001 
^ ^ ^ 02 0.0005 0.000525 0.0005 
Table 5.6 - Data of A1 composition in liquidus at different solidus composition at 
780°C of AlGaAs from experiment and different literatures. 
The above data were con^ared and plotted in figures 5.8 and 5.9. 
Mole fraction ofAl (Xal) (lE-4) 
350 “ 
Ref. 40 






0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.80 0.9 
Solidus Composition 
Fig. 5.8 - A plot of Aluminium mole fraction in liquidus versus solidus composition 
in Al^ Ga^ ^ As at 780°C 
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Mass ofAl (Wal) / mg 
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Fig. 5.9 - A plot of mass of Aluminium in liquidus versus solidus composition in 
at 780�C 
Data of mole fraction and mass ofAl present in liquidus conq)osition at different 
solidus con^ositions of AlGaAs at 780�C and 800�C from our e邓 erimental results and 
different literature were tabulated in table 5.7 and 5.8 respectively. The related plotting 
from table 5.7 and 5.8 were then presented in figure 5.10 and 5.11 respectively. 
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[Ejected value of X Mole fraction of arsenide atoms (X彻)in liquidus at 780�C 
in solidus ofAlGaAs ^ ^ ^ ^ Ref [52] E邓eriment 
^ 2.31x10-3 2.72x10-3 2.94x10'^ 
^ 5.26x10-3 4.55x10-3 4.55x10"^ 
^ 6.91x10"' 6.33x10"' 7.03x10"^ 
^ 8.8x10-3 8.07x10-3 9x10-3 
^ 10.94x10"' 9.79x10-3 H^xlO'^ 
^ 11.84X10_3 11.46X10_3 13.4X10-^ 
^ 13.6x10-3 13.16x10-3 15.3x10-3 
^ 17x10-3 14.77x10-3 17.5x10-3 
^ 17.5x10-3 16.37x10-3 18.7x10"' 
Table 5.7 - Mole fraction of As in liquidus at different solidus composition of 
AlGaAS at 780°C from experiment and different literature. 
|E邓ectedvalue Mass of arsenide atoms (X^ ) in liquidus at 780 and 800°C 
^ soMus of — d a t a from ref. [ 4 0 ] d a t a from ref [ 5 2 ] E x p e r i m e n t 
AlijS/VS I — 
at 780°C at 800°C at 780°C at 800°C at 780°C 
^ ^ 5.84 7.285 6.325 
^ r n m ^ 10.974 
^ 146 r ^ m 16.71 14.924 
^ m 21.34 19.126 
^ ^ ^ 20.8 25.94 24.332 
^ ^ 29.6 24.4 30.46 28.751 
O ^ ^ ^ 34.95 32.813 
^ 4^4 31.6 39.38 37.665 
^ 35.12 43.76 40.434 
— ' 1 I � 
Table 5.8 - Mass of GaAs in liquidus at different solidus composition of AlGaAS at 
780°C and 800°C from experiment and different literature. 
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Atomic fraction of As (X_as) (lE-3) 
20 ^ “ n ‘ 
+ Re£ 40 
+ Ref 52 
15 棄 Experimental 
0 “ ‘ 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
Solidus Composition of AlGaAs 
Fig. 5.10 - Plotting of mole fraction of arsenide atoms X^ in the liquidus as a 
function of the soUdus composition of AlGaAs at 780°C from different literature. 
Mass of GaAs inserted (W一GaAs) 
50 — ‘ ‘ 
Re£40 
+ Ref 52 
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0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
Solidus Composition of AlGaAs 
Fig. 5.11 - Plotting of mass of gallium arsenide atoms W ^ ^ in the liquidus as a 
function of the solidus composition of AlGaAs at 780®C from different literature. 
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From figure 5.10 and 5.11, our experimental data were found to be higher than the 
e^^ected one. When con^ared with the e jec ted data at 800 our data were found to 
be in between that of 780 °C and 800 °C expected values, we believe that this 
discrepancy was resulted from experimental error and difference in estimating growth 
ten^erature from one system to another. Although onr data were found to be slightly 
higher than that of other literature，they still sounds very useful for our LPE system in 
fixture material studies and development. 
5.2.2 Relation between saturation of solution and the flatness of 
interface between epilayer and substrate 
In session 5.2.1, melt back equilibrium method was used to obtain the san^les with 
different con^osition of homogenous AlGaAs layer on <100�GaAs substrate because 
this method provides a single and convenient way for us to determine the saturated 
solution required for crystallisation of epilayers. Using this method, not only a saturated 
solution which requested by the equilibrium cooling method was obtained without 
conq)licated calculation and precise weighing, a strain free GaAs substrate surface 
without oxide layer and defects for crystallisation was also freshly made within the 
system. Apart from the merits mentioned, the versatility of this method is confined by its 
unique procedure as it can not be used freely for growing multilayers in heterostructure 
without etching the previous grown layer surface that the growing layers to be deposited 
on. In our experiment, we found that the flatness of the interface between the deposited 
layers and the etched substrate surface was related to the amount ofpolycrystalline 
gallium arsenide added into the unsaturated solution. Hence the interface condition is 
related with the degree of saturation of the melt. Figures 5.12, 5.13 and 5.14 shows 
the photographs of interface between epilayer and substrate on the cleaved surface 
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etched for 3 seconds under strong light taking by the Normarski microscope. Growth 
conditions of the 3 san^les A,B, C were shown in the following table. 
S a n ^ l e S a n ^ l e A San^le B Sanq)le C 
Al^  x=0.3 Al, Ga^.^s, x=0.3 Al^Ga^.^s, x=0.3 
Parameters 
Growth Temp / °C ^ — 780 780 
Cooling rate/�Cmin-i 0.3 0.3 03 
Mass of GaAs per 18 24 31 
one gram of Ga / mg 
Table 5.9 - Growth conditions of samples A，B & C for the interface studies. 
Figure 5.12 - Photograph of interface between epilayer and substrate of sample A 
by Normaski microscope 
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I n i 
j 
‘ j 
Figure 5.13 - Photograph of interface between epilayer and substrate of sample B 
by Normaski microscope. 
• • _ .-- . — — — ~ — - — — - — ---. 
國 
Figure 5.14 - Photograph of interface between epilayer and substrate of sample C 
by Normaski microscope. 
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The san^les were assigned to be Al^  sGeo tAs epilayer on <100�GaAs substrate at 
780 °C as shown in table 5.9. According to the data of table 5.9 and figures 5.14 
to 5.12, we can say that the flatness of the interface between epilayer and substrate 
deteriorates with decreasing the amount ofpolycrystalline GaAs inserted in the 
unsaturated growth solution. 
5.2.3 Determination of composition x in Al^Ga^.^s 
To determine con^osition x of the epilayers, there are several methods we can used to 
obtain the value, mainly speaking, they are X-ray diffiaction, electrical probe analysis, 
S.E.M., Auger sprectrum analysis at room tenq)erature and low tenq)erature 
photoluminance. In our laboratory, X-ray diffiactometer and photoluminace 
analysis are the major tools that we may use, for the sake of sin^licity, we used X-ray 
diffiactometer rather than photoluminanace as room ten^erature PL is only suitable for 
direct energy band structure materials while Al^Ga^.^s will be changed into indirect band 
structure as the value of x is larger than about 0.4. X-ray diffiactometry data of 
AI^GE i ^ s with x=0.9 and 0.3 of our laboratory have been verified by other analytical 
methods such as the con^ositional analysis system of S.E.M., photoluminanace method 
and X-ray diffiactometer of other commerical research laboratory, it shows a difference 
of 2.3%. For GaAs, d(100) = 5.6536A, and 入二 1.54A, 0=33.03� 
M 二 1 sin(33.03) 
d • sin(33.03一恙） 
where AO is a negative value and we assume the Al^Ga^.^s epilayers grown on GaAs are 
folly strained (i.e. no relaxation), so Ad/d calulated from the rocking curve corresponds 
to strained layers. If they are fiiUy ralaxed. (Ad/dX i^^ .^  would have only roughly half of 
the (Ad/d)血—d value. 
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With the above assumption and lattice constant of bulk AlAs is 5.661, content of 
aluminum in the epilayer can be calculated by the following equation. 
r jn _ i^)relaxed •, 
dAlAs-dooAs 以 S 
So results of our rocking curve data of Al^ Ga,.^ As epilayer with x ranging from 0.1 to 0.9 
were shown in table 5.10 and a rocking curve of Alo.9i.Gaoo9 As was shown in figure 5.15 
I' 
Expected X AlGaAs (Kal) GaAs(Kal) GaAs (Ka2) Calculated x 
66.333 66.153 66.346 0.91 
^ 65.965 66.1 66.3 0.68 
^ 65.976 66.076 66.324 0.5 
^ 66.033 66.106 66.312 0.39 
^ 66.084 66.14 66.306 0.285 
^ 66.09 66.134 66.319 0.23 
^ 66.104 66.12 66.318 0.09 
Table 5.10 - Rocking curves data of Al^ Gaj.^ ^As 
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Fig. 5.15 - Rocking curve of Alo^ piGa^  ^ ^As epilayer. 
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5.2.3 Relation between epilayer thickness and value of x in Al^Ga^.^s 
By means of melt back equilibrium cooling LPE method, sanq)les ofAl^Ga^.^s epilayer 
with X ranging from 0.1 to 0.9 at cooling rate of 0.3 °C/min and 780 °C were prepared. 
The graph of thickness of epilayer against conq)osition x of layer was plotted and 
deposition rate was conq)ared with other curve from other literature [72], in figures 5.16 
and 5.17. Further investigation on relationship between epilayer thickness and growth 
temperature was carried out with x=0.3 in Ai^Ga,,^ As at 800 820 °C and 840 
Result was shown in figure 5.18. 
lvalue Tg 二 7 8 0 � C T ^ - 800 T^ 二 8 2 0 � C Tg= 8 4 � � C = 
of X d / 哗 I V^inim-i d / ^m d / i^m R, d/^im 
0.9 4.1 0.1367 — — 
0.7 5.2 0.1733 
0.5 6.4 0.2133 
0.4 6.6 0.22 
^ ^ ^ ^ ^ 0.2833 9.2 0.3067 
0.2 7.5 0.25 
0.1 8.9 0.2967 — — ™ — "" "“ 
"~0 0.3533 ^ 0.414 — 0.528 — 0 . 6 3 1 ^ 
Table 5.11 - Results of epilayer thickness and deposition rate at different growth 
temperatures and different composition of AlGaAs. 
where x - denotes composition x of Al^Ga^.^s 
Tg - denotes growth temperature 
d - denotes thickness of epilayer 
Rd - denotes deposition rate 
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Value of aluminum composition x 
Fig. 5.16 - Graph of thickness of epilayers against composition x in Al^Ga^.^s 
Deposition rate (microns/min) 
0 . 8 ‘ ‘ 
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Value of Aluminum con^ ositiGii 
Fig, 5,17 - Relationship between deposition rate of epilayer versus composition x in 
at 780�C. 
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Fig. 5.18 - Relationship between deposition rate at different cooling rates and 
growth temperature, compared with other literature. 
From figure 5.17 and 5.18, at the same growth tenq)erature, the deposition rate of 
epilayer was found to be increased with decreasing the aluminum con^osition of the 
epilayer as diffiisitivity of As atoms in the source melt will be increasing as the number 
of Al atoms decreased in the melt. The curves with cooling rate of 0.5°C/min was 
obviously having a greater value of deposition rate than that of cooling rate at 
0.3 °C/niin. Thess results agree with the model described the thiclmess of deposited layer 
in Ga-As binary system 
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5.3 High Al^ Ga^  ^ As with x = 0.9 at 780°C 
Visible semiconductor laser with wavelength 0.6^im is very in^ortant in optical signal 
processing and fiber optic conmnmication [73,74,75]. K Kishino et al [76] was the first 
person who successfully fabricated and designed 0.6^im GalnAsP/AlGaAs visible laser by 
LPE in 1987. This laser uses MGaAsP as its active layer, indirect bandgap Al^Ga^^s for 
X � 0 . 7 as its cladding layer, which has greatly decreased the value of threshold current at 
room temperature. Refractive index ofAl^Ga^.^s decreases as increasing the value of x 
while refractive index of In�49 Ga0.51AS0.05P0.95 lies between 3.45 to 3.55. Increasing the 
value of X in Al^Ga^.^s can smq)ly confine more photons in the optical waveguide 
formed by AlGaAs/InGaAsP/AlGaAs structure and also decreases the threshold current 
of the laser as x approaches to 0.95, the value of threshold current is e j ec ted to be 
1.7KA/cm^ at room terq)erature. 
5.3.1 Deposition rate of High AlGaAs Epilayer Versus Cooling rate 
Needless to say，studying the growth conditions of kigh AlGaAs is inevitably one of the 
major direction in modem LPE research topics. Growth of Al^ Ga .^^ As epilayers with x = 
0.9 were carried out with horizontal sliding LPE system, growth ten^erature and 
ten^erature cooling interval of the process was chosen to be 780°C and 9°C 
respectively, the e邓eriment was carried out with various different cooling rates, ranging 
from 0.1 to 0.5 with an increment of 0.1 in step. 
San^les of high AlGaAs epilayers on semi-insulating Cr-doped GaAs substrates were 
collected and cleaved at the endside. The strip of cleaved sanq)le was then etched in the 
etching reagent for 3 seconds under strong light to intensify the contrast between the 
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epilayer and the substrate material. By using Normaski microscope, relationship between 
thickness of deposited layer and cooling rate was then investigated and results were 
shown in table 5.12. 
S a m p l e I Cooling rate I Cooling rate I Cooling rate I Cooling rate Cooling rate 
^ ^ = 0 . 1 � C / W =0.2�C/min-i = 0.3°C/mm-' = 0 . 4 � C / W =0.5°C/min-' 
Results 
d / \ im 8 O 4.1 3.6 3 
Rd/^unmin-i ~ ^ ^ 0 . 1 0 7 — 0.118 0.123 
Table 5.12 - Data of thickness of deposited layers with different cooling rates 
where d - denotes the thickness of the deposited layer; 
Rd - denotes the deposition rate of the epilayer. 
Results from the above table were plotted in figures 5.19 and 5.20 stowing the thickness 
of deposited layers as a function of cooling rates and the deposition rates of the epilayers 
as a function of the cooling rates respectively. 
Layer thickness (microns) 




0.1 0.2 0.3 0.4 0.5 
Cooling rate (degree/min) 
Fig. 5.19 - Thickness of the deposited layers as a function of cooling rates 
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Fig. 5.20 - Deposition rates of the epilayers as a function of the cooling rates 
From figure 5.19，we can conclude that thickness of the epilayers was found to be 
decreased nonlinearly with increasing the cooling rate during crystalHsation, while from 
5.20 the deposition rate of the epilayers was found to be increased with a linear 
relationship with the cooling rate during crystallisation at 780°C. 
5.3.2 Thickness Profiles of Epilayers Versus Different Cooling Rates 
San^les grown by equmbriurn cooling LPE method with the same tenq)erature cooling 
interval of AT = 9°C at different cooling rates were prepared. Thickness profiles [77] of 
the AlGaAs epilayers were investigated by cleaving the san^le wafers as shown in 
figure 5.21, 
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X 令 n n 
3 T (X, Y) 
1 
1 2 3 4 5 
— • Y 
Fig. 5.21 - Co-ordinates used for measuring thickness profile of the epilayer, where 
T(X,Y) denotes the thickness of epilayer at the corresponding co-ordinate. 
According to the co-ordinate shown in figure 5.21, sanq)le wafers were cleaved into 
small rectangular pieces, value of T(X,Y) was determined by taking the average value of 
the maximum and minimum values on 2 faces of the rectangular piece in the 
corresponding portion to draw the thickness profile of the epilayer, results of the 
thickness profiles of 3 epilayers grown at 0.1, 0.3 and 0.5 °C/niiii were shown in 
table 5.13. 
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["""---...^^^^Sample eplayer with cooling eplayer with cooling eplayer with cooling 
T(x, rate = 0.1 rate = 0.3 X.min ' rate 二 0.5 ^C.min' 
T(l , l ) 8.07 4.1 3.075 
T(2，l) 8.05 4.075 3.075 
T(3,l) 8.05 ^ 3.075 
T(4,l) 8.05 3.025 
T(l，2) ^ 4.075 3 
T(2，2) 8.05 4.075 3.025 
T(3，2) ^ ^ 3 
T(4,2) ^ ^ I 
T(l，3) 8.075 4.075 3 
T(2,3) 8.05 4 3 
T(3,3) ^ ^ I 
T(4，3) 8.05 4.05 3 
T(l,4) ^ ^ I 
T(2,4) ^ ^ I 
T(3,4) 8.05 4.05 3 
T(4,4) 8.075 4.075 3 M 
T(l，5) 8.05 4.075 3.05 
T(2,5) 8.05 ^ 2.95 
T(3,5) 8.07 ^ 3.05 
T(4,5) 8.07 3.075 
Mean value 8.086 3.023 
Standard deviation 2.4% 3.8o/o 5.5o/o 
Table 5.13 - Thickness profiles; of epUayers at different cooling rates. 
Refering to the data shown in above table, standard deviation of thickness of the 
epilayer along the whole wafer was computed as a measure for us to comparing the 
flatness of the epilayer grown for the 3 samples at different cooling rates, in order to 
neglect the edge growth effect, standard deviation of T(x，y) for x=2,3 or y=2，3，4 was 
also calculated as measure of flatness of the epilayer at the central region. With the above 
data, thickness profiles of the 3 samples with cooling rate ranging from 0.1, 0.3 and 
0.5 oc/min were plotted in figure 5.22, 5.23 and 5.24 respectively. 
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Th Ick n e s e p r o f LI e o f Al bo As ( R c 二 0 . 1 ) 
Fig. 5.22 - Thickness profile of AIo^Ga�i^As epilayer with cooling rate of 0.1°C/min 
at growth temperature of 780°C 
T h i c k n e s s p r o f i l e o f A*! ^ 'o As ( R c - 0 . 3 ) 
Fig. 5.23 - Thickness profile of Alo^Ga�ijAs epilayer with cooling rate of 0.3°C/min 
at growth temperature of 780°C 
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Th I r Ir n p s s o r o f l i e of AI Co As ( Rc = 0 . 5 ) 
Fig. 5.24 - Thickness profile of Al^  ggGao ^^ As epilayer with cooling rate of 0.5°C/min 
at growth temperature of 780°C 
In the experiments, the substrate is expected to float upward during the source melt 
is pushed pushed over the substrate because its density is lower than that of the source 
melt. To tackle this problem, the dimensions of the bin containing source melt is 
constructed to be slightly smaller than the substrate, so that two ends of the substrate 
might not be covered by the source melt. Consequently an obvious edge growth problem 
is resulted. Referring to our results, edge growth at Y=1 and Y=5 in our samples with a 
lower cooling rate of 0.5 °C per min was found to be more servere than the other 
samples with a lower cooling rate. In our experiment edge growth was found to be 
suppressed by using a lower cooling rate during crystal growth, meanwhile a less servere 
edge growth was also found along the edges with X=1 and X=4. These edge growths are 
believed to be resulted by 2 dimensional difilision motion of the solutes in the melt, 
surface tension effect at the edge of the source melt and the orientation dependent 
growth on the extra lattice planes exposed at the edges of the substrate. 
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5.3.3 Spectroscopic Refractive Index of Al讀Ga^ izAs in the Visible 
Light Spectrum 
Refractive index of Al^  肪Ga�.i2As epilayers with different cooling rates, ranging from 0.1 
to 0.5 oc/min were measured in the visible light region spectroscopically by means of an 
folly automatic epilisometer, by confuting with the corresponding data of polarization of 
the eletromagaetic wave, refractive index and absorption coefficient of the epilayer were 
determined and tabulated in table 5.14. 
IWave ISan^ lewi th I Sanq)le wi thSanq) l e with Sanq)le with San^le with 
length Rc = 0.1 Rc = 0.2 Rc = 0.3 Rc = 0.4 Rc = 0.5 
(腿） ： — 
n k n k n k n k n k 
460 3.486 2.436 3 . 4 8 3 3 ~ 3 . 7 4 4 3.62 3.566 3.994 3.687 3.506 
480 3.411 2.148 3.426 2.801 3 . 7 2 1 3 . 5 0 4 3.312 3.506 2.981 
3.335 2.102 3.347 2.508 3.503 3.368 3.5 2.728 3.496 2.766 
520 3.274 1.852 3.295 2.311 3.495 2.581 3.49 2.508 3.491 2.5 
540 3.257 1.763 3.266 2.184 3.426 2.72 3.421 2.674 3.42 2.284 
560 3.239 1.726 3.247 2.086 3.346 2.284 3.342 2.302 3.342 2.033 
580 3.211 1.684 3.231 1.984 3.293 2.301 3.287 3.381 3.286 2.101 
3.151 1.677 3.177 1.823 3.27 2.031 3.267 2.056 3.268 1.946 
620 3.104 1.508 3.126 1.801 3.245 1.944 3.243 1.99 3.242 2 
3.092 1.492 3.109 1.744 3.229 1.948 3.228 1.992 3.226 1.911 
660 3 . 0 6 9 1 . 5 3.084 1.702 3.218 2.011 3.216 1.998 3.213 1.923 
3.043 1.506 3.065 1.506 3.092 2.034 3.087 2 3.05 1.781 
3.027 1.911 3.051 2.071 3.061 2.189 3.058 2.144 3.056 2.1361 
3.015 1.897 3.038 2.055 3.042 2.19 3.04 2.145 3.041 2.176 
3.002 1.247 3.025 2.031 3.031 2.477 3.032 2.488 3.031 2.178 
I I I I I 1 I , 
Table 5.14 - Spectroscopic refractive index and absorption coefficient of 
Alo.„Gao.i2As in visible light region. 
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Refractive index and Absorption coefficient 
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Fig. 5.25 - Spectroscopic refractive index of Al, ^ jGa^ i^ As with different cooling 
rates 
Refractive index 
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Fig. 5.25a - High light of figure 5.25 to show the tendency of spectroscopic 
refractive index by varying the cooling rates, and make comparison 
with other literature. 
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From figure 5.25, it is foimd that the values of absorption coefficients of the epilayers 
grown at different cooling rate varying with the values of cooling rate. Because 
absorption coefficent is a function of the absorption centers, surface defects and other 
defects in the crystal structure, so it can be be used as an index of justifying the crystal 
quality of the epilayer. The trend stowed that the crystal and surface quality of the 
epilayer was better when the cooling rate during crystal growth was lower as it had a 
smaller value of absorption coefficent during the cooling rate was smaller. 
Referring to figure 5.25a, as compared our experimental data with that from [78-84] in 
which the sanq>les were prepared by equlibrium LPE method, our data were shown to be 
agreed with that of the literature, morevoer, from he figure, it showed that the curves 
with cooling rates of 0.3, 0.4 and 0.5 °C/min had a ery closed value in the spectrum 
which was larger than that of the curves with cooling ates 0.1 and 0.2 °C/min. 
5.3.4 Rocking Curves of Alo ^ Gao uAs 
X-ray diffactometer is generally used as a tool to determine the composition of a 
crystalline epilayer, samples of Al^  ^ C^o ii^s grown at different cooling rates，ranging 
from 0.1 to 0.5 °C/mm were prepared with 2 samples at each cooling rate. Each san^les 
were measured by X-ray diffiactometer twice, results were shown in table 5.15. 
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|Sanq)le| Rim iTlR^|L(1/2W)| mean |S(1/2W) mean mismatch / ppm 
A 1 84.1 0.4 70 44 HOO 
~ ~ ^ ^ 0.4 71 88.25 57 丄咖 
~ ~ B 1 91.7 0.4 114 71 1200 
2 91.7 0.4 98 70 1200 
""C 1 ^ ^ ^ 32 1200 
C 2 91.7" 0.3 5575 35 蘭 
~ D r ~ 91.7 0.3 64 68 1200 
~ D 2 ^ ^ ^ 5 9 1200 
~~E 1 ^ ^ 50 1200 
2 ^ ^ 50.5 42 43 1200 
1 ^ 0.2 54 47 1200 
2 ^ ^ s T " 33 1200 
"~G 1 ^ ^ 3 6 36 1200 
2 91.7" 0.1 32 37 25 ^^  34.25 • 
~ H 1 ^ ^ ^ 33 1200 
2 ^ ^ ~ 44 35 1200 
I I I I I I I —— 
Table 5.15 - Data from rocking curves of Al�^lyGao^As epilayers 
From the above data, the value of aluminum content of Al^Gai.^s san^les was found to 
be very consistent for the mean value was found to be 90.75 and the standard deviation 
of the data was as low as 3%. Whereas from the mean values of half width of the epilayer 
peaks, a relationship between the crystal quality and cooling rate was found, as a better 
crystal quality was resulted with a lower cooling rate. This result is found to be very 
closed to what we deducted from the result of spectroscopic refractive index of the same 
samples. 
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5.4 Tellurium doped Al^Ga^.^s with x ranging from 0.1 to 0.9 
Tellurium has been used as n-type dopants in a number of GaAs and AlGaAs 
optoelectronic and microwave devices, lots of papers [85-90] have investigated its 
dopant behaviour, however, it is still worth for us to have a series of studies in material 
growth and electrical properties on our own LPE Te doped AlGaAs sables，as 
tellurium plays a very important role in providing a relatively low resistive AlGaAs 
epilayers. 
5.4.1 Carrier Concentration Versus Composition x in Al^Ga^.^s 
By inserting the same mole fraction, IxlO"^，of Te in the Al-Ga-As growth solution, 
different composition of Al^Ga^.^s epilayers were grown at the same cooling rate of 
0.3°C/min at 780°C. Then the carrier concentration and hall mobility were determined by 
the Van der Pauw Hall measurement method and were tabulated in table 5.16. 
|Co 零 sition x I Carrier concentration / cm' Hall mobility / cmV^s ' 
^ 9.1x1018 1200 
^ 8.2x1018 1000 
0.285 4.9x1018 444 
^ 3x1017 300 
3.5x1017 250 
^ 4.1x1017 220 
^ 4x1017 220 
J 
Table 5.16 - Carrier concentration and hall mobility of AlGaAs for x ranging from 
0.1 to 0.9 
According to the above table, graphs of carrier concentration and hall mobility were 
plotted against conq)osition of AlGaAs in figures 5.26 and 5.27. 
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Logarithm of carrier concentration 
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Fig. 5.26 _ Carrier concentration versus Composition x of AlGaAs with 
Te% = lxlO^ 
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Fig. 5.27 _ Hall mobility Versus composition x of AlGaAs with Te%^lxlO^ 
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In figure 5.26, san^les from reference [91] were prepared at T �二 780�C and Te mole 
fraction of 1.54x10^ while in reference [92], the values ofT^ and Te mole fraction are 
830 °C and 5x10-^  respectively. At 300K, free carrier concentration (n) was found to be 
decreasing gradually from x=0 to x=0.2 then there was a sudden drop of carrier 
concentration and attained its minimum in the range ofx=0.38 to 0.45, for x>0.45, a 
slightly increase of n was observed. Interpretation to this phenomenon will be further 
discussed in the following session, in which the donor activation energy of tellurium will 
be investigated in order to explain the trend of carrier concentration found in different 
con^ositions of Al^Gaj.^s. 
5.4.2 Carrier concentration of Al^ ^ Ga^j As Versus Te mole fraction 
By varying the Te mole fraction in the Al-Gfa-As melt, the dependence of carrier 
concentration of the AlGaAs epilayer on the tellurium concentration was determined. 
Results were tabulated in table 5.17 and plotted in figures 5.28 and 5.29. 
iTeUurium atomic fraction (X^J carrier concentration ( c m , mobility (cm'V^s') 
^ ^ 250 
^ ^ 320 
1x104 5x1018 444 
^ 2x1018 800 
^ ^ 7x1017 1000 
“ ^ ^ 3x1017 1100 
“ 1x1017 1150 
Table 5.17 _ Carrier concentration and mobility of AlGaAs with various Te mole 
fraction 
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Logarithm of carrier concentration 
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Fig. 5.28 - Carrier concentration of Al^^Ga^ ^ As Versus tellurium mole fraction • 
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Fig. 5.29 _ Hall mobility of Al^jGa�7AS versus tellurium mole fraction. 
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A plot of carrier concentration ofAl^^Gao TAs as a function often^erature with different 
Te mole fraction was shown in figure 5.32. 
Logarithm of carrier concentration 
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Fig. 5.30 - Temperature dependence of carrier concentration versus temperature 
with different Te mole fraction 
According to figure 5.30，the donor activation energy of tellurium was evaluated by 
determining the slope of the straight line portion in the curves based on the Boltzman 
distribution function, 
n二 J . e x p (苦） 
1 , 0 . 4 3 4 五 D � , A 
\ogn = -（ j^j ) + l o g j 
, r 2 r. ,0.434五i)� 
slope of St. line = - ( ~ i ~ ) 
when log n is plotted against 1/T and the calculated value was shown at the 
neighbourhood of each curve. 
page 102 
5.4.3 Activation energy of Te Versus composition x in Al^Ga^.^s 
By the same technique in the above session, activation energies of Te in Al^Gaj.^s were 
also determined and graph of ten^erature dependence of carrier concentration with 
different values of con^osition x was plotted in figure 5.31., the corresponding curve of 
activation energy of Te as a ftmction of composition x was shown in figure 5.32 
Logarithm of carrier concentration 
= 二 = = 二 二 二 二 = 二 = 二 二 = 二 = = = = 
腳 丨 二 三 三 礙 三 三 三 三 三 三 三 运 目 运 ； 
： 三 三 三 三 ? 三 三 三 三 二 二 二 二 二 二 二 = 二 二 二 二 二 = = = = 
：：:二 —— 
-5:4-“----
lE+17 丨igii兰i兰iiigi兰iigiiig三三三三三三三三兰三gh三三^^ 召兰三 
I I I + X = 0 . 0 9 -^x=0.23 lx=0.285 普 x=0.91 
平 x=0.68 * x = a 5 0 * x = 0 . 3 8 
lE+16 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 
l/Temperature (xlOOO K^-1) 
Fig. 5.31 _ Temperature dependence of carrier concentration with different value of 
composition x in Al^Ga^.^s 
In figure 5.31，carrier concentration was found to be independent often^erature for 
x=o.09 and 0.23, this inq)lies activation energies of the sauries with x <0.23 is nearly 
zero. For the san^les ranging fromx=0.285 to x=0.91, carrier concentration decreased 
as tenq)erature decreasing, the negative slope of the curves attained its maxima which 
corresponds to a maximum value of donor activation energy Ej^  in figure 5.32 when 
X was equal to 0.39 then the slope decreased less steeper in the rest of the range. 
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Fig. 5.32 - Activation energy of Te versus composition x in Al^Ga^ ^As 
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Fig. 5.33 - Band Structure of Al-Ga-As alloy system with the experimental Te 
donor energy level. 
page 104 
To interpret the results, we con^are our data with that of the known values of 
the band structure of the Al-Ga-As alloy system [93-97]，similar interpretation was 
also made by [98，99]. According to our results, data of activation energy of Te were 
plotted in figure 5.33, in which a line of Te donor level was got by plotting the 
e邓 erimental values of E�measured from the bottom of the conduction band X. 
In the figure, we found that the Te donor energy level was overlapping with T band, this 
e^lains why E^ was found to be nearly zero when x<0.23. In the region of x ranging 
from 0.23 to 0.39，E^ increased to its maxima as 1 \ � - r j^v increasing rapidly, however, 
when the composition of the alloy is going into the indirect band region, X band falls 
below the T band minima, so the associated E^ with X band makes E^ dropped 
dramatically. 
5.4.4 Refractive index of Te doped Al^Ga^.^s at 300K 
Refractive index of Te-doped Al^Ga^.^s was measured at 300K by using a single 
wavelength ellipsometer at 1.959 eV, the measured data were tabulated in table 5.18 
where values of undoped san^les and e jec ted values from [78-84] were also given and 
plotted in figure 5.34. 
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X Te-doped san^les Undoped san^les E jec ted values of imdoped AlGaAs 
^ 0 3.881 3.863 3.878 
0.1 3.812 3.784 3.82 
0.2 3.745 
0.3 r m 3.681 3.69 
0.4 3.658 3.664 
0.5 3.603 3.544 3.558 
0.7 3 ^ 1 3.382 
0.9 3^1 J 
Table 5.18 - Refractive index of doped and undoped Al^ Ga^ ^ As epilayers 
From figure 5.34, the refractive index of Te-doped AlGaAs with Te mole fraction of 
lxl04 were found to be a little higher than that of the undoped AlGaAs. 
Refractive index 
4 ‘ ‘ 一 
：： ^ ^ ^ 
Te-doped samples Undoped samples 
Expected undoped 
3 0 0.1 0 .2 0.3 0 .4 ‘ 0.5 0 .6 0.7 0 .8 0 .9 
Composition x 
Fig. 5.34 - Refractive index of Te-doped Al^ Ga^ ^ As compared with that of undoped 
samples. 
page 106 
5.4.5 Dependence of solubility upon Tellurium doping level 
As most of the dopants do, their presence might change the solubility of polycrystalline 
GaAs in the source melt at the growth teirq)erature. Tellurium acts as a n-type dopant m 
Al-Ga-As alloy system and was found to reduce the solubility of the source melt when 
Te% was increased, results were shown in figure 5.19 and plotted in figure 5.35. 






Table 5.19 - Data of Te mole fraction dependence of solubility 
Mass of GaAs inserted per Ig Ga/mg 
32.9 “ 





31.5 ‘ T T � 
0 5e-3 1.5e-4 5e-5 5e-6 
Te mole fraction X_Te 
Fig. 5.35 - Te mole fraction dependence of Al-Ga-As alloy system solubility 
page 107 
5.5 Heavily Tellurium Doped Ai^ j sGa^  ^ As 
Lattice dilation of a semiconductor has been studied by several research teams 
[100-103], when different inqmrities are incorporated with the lattice, lattice constant is 
found to be either contracted or expanded. InP lattice is found to be dilated at the level 
of � 0 . 1 5 % at a Te doping level of � l O � � c m ^ [104] whereas another well known 
exan^le is the dilation of the GaAs lattice induced by tellurium doping. Increase of GaAs 
lattice constant by 0.01% have been reported at Te doping level o f - cm^ 
5.5.1 Diffractometer study of the heavy Te doped Al�jGa^^ 7 As 
Diffiactometer [105] was used as a tool to determine the lattice constant, half width and 
con^osition of the epilayers, results were shown in table 5.20 and figure 5.38 to 5.44. 
Xe% n / cm' Splitting / sec Half width / sec Composition x 
^ K I 50 132 0.143 
4x1019 ^ 72 0.257 
^ ^ 110 71 
102 32 
100 31 0.283 
^ ^ 7x1017 31 0.285 
^^^ 32 0.285 
" " " ^ “ ^ 1 0 0 31 0.285 I  
Table 5.20 - Rocking curve data of heavily Te doped Al^jGa" As 
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Fig. 5.36 - Rocking curve of Alo jCa^ ^ As with Te%=3xl0 6 
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Fig. 5.37 _ Rocking curve of Alo^Gao.^ As with Te%=5xl0' 
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Fig. 5.38 - Rocking curve of AIo.3Gao.7As with Te%=6xl0-® 
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Fig. 5.39 _ Rocking curve of Alo.3Gao.7As with Te%=lxlO-' 
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Fig. 5.42 - Rocking curve of Alo^Ga .^^ As with Te%=5xl0^ 
From the above rocking curves, we may find there was an increase in the splitting 
between the epilayer peak and the substrate peak when Te % increased to 1x10^, the 
corresponding value of x was also increased from 0.285 to 0.314 and consequently an 
increase of 2.1% in the lattice constant of AUsGHo t^ ^As was resulted. However, as the 
tellurium doping level was as high as lxlO \the epilayer and substrate peaks were found 
to be merged together, corresponding values ofx and splitting were dropped and the 
values o f h a l f width of the epilayer was also increased abruptly. This may in^ly an 
degradation of crystal quality of epilayer when Te doping level is above 1x10^. 
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5.5.2 Morphological and interface studies of heavy doped Alo.3Gao.7As 
San^les of Alo sGaQ ^ As were studied under the Normaski microscope with an 
magnification factor of 100 to have the morphological study while for the interface study 
between the epilayer and substrate of the sam^ l^es, stripes of sanq)les were etched to 
contrast the interface before putting under the Normaski microscope. 
5.5.2.1 Photos of Morphological Study and Interface Studies 
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Combining the results with the data of rocking curves in session 5.5.1, the morphological 
and interface studies of Te-doped Al^ ^Ga .^^ As epilayers, conclusion can be made on the 
data of heavy doped Alo.3Gao.7As. From figures 5.43 to 5.49, surface of epilayer with 
Te% equal 1x10"" was fuU of point defects, it is clear that the morphological condition 
showed to be getting better as Te mole fraction was getting smaller，when the value of 
Te mole fraction was as low as 1x10^, the surface was found to be reasonably clean and 
shining. On the other hand, the interface between epilayer and substrate showed a similar 
result as shown in figures 5.50, where a discontinuous epilayer was grown on the 
substrate surface with Te% of 1x10""，epilayer was not grown at some locations on the 
surface of the substrate. As Te mole fraction was smaller，the interfaces were found to 
be very uneven as shown in figures 5.51 and 5.52 but still showed to be a continuous 
epilayer until Te% was as small as 1x10^, a flat and straight interface was obtained in 
figure 5.53. So 1x10^ mole fraction of Te atoms in the source melt was found to be a 
trade-off condition in our Al^  ^ Ga�yVs samples in order to obtain an even and smooth 
epilayer morphology together with the highest free carrier concentration of 5x10^^ cm^ 
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that might get from Te dopants. 
Apart from this, the result was also shown to be consistent with the data in rocking 
curves and other measurements, as the crystal quality and flatness of the epilayer were so 
unsatisfactory when Te% was larger than 1x10^, this e邓lains why there was a 
discrepancy found in the determination of Aluminum content by using X-ray 
diffiactometer，half-widths of epilayer peaks were relatively large con^ared with the 
normal one and the epilayer peak and substrate peak was found to be inextinguishable 
with Te% of 1x10-2 Moreover, we were not able to measure the Hall effect in the 
sauries with Te% greater than 1x10" .^ 
The origin of the defect formation in the epilayers has been reported by several papers 
[106-109], it is believed that Te will form conq)lexes or precipitates when the mole 




i V > e x p ( i ) 
where K(T) - denotes an ten^erature dependent equilibrium constant for the reaction 
of Te incorporation in the process. 
Cfe - denotes concentration of Te+� on As sites. 
Xj-e _ denotes mole fraction of Te atoms 
Ne - denotes conduction band effective density of states. 
.Bn - denotes energy barrier height for Fermi level at the liquid-semiconductor 
interface. 
The equation suggests that the in^urity concentration incorporated at the surface of 
greater than the in^urity equilibrium in the crystal interior, so when X^^  is large enough 
and Te+� is driven into the crystal interior away from the space charge region. Tendency 
of con^lexes or precipitate formation will be increased by a thermodynamic force to 
reduce the excess mq)iirity concentration in the bulk crystal. 
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CHAPTER SIX - CONCLUSION 
A horizontal sliding boat LPE system for m-V semiconductor crystal growth has been 
developed. TTie system is used as an epitaxial growth instrument in growing GaAs and 
epilayers on semi-insulating GaAs substrate by using the melt back equilibrium 
cooling method for further material use in device development. Hie multi-bin graphite 
boat is specially designed for a better crystal growth quality. Temperature controUer and 
positions of graphite boat and quartz boat in the quartz growing chamber have been 
calibrated for the special request of the LPE method. 
Conq)osition of the solution on the Hquidus of Ga-As phase diagram at 780�C, 800°C, 
820°C and 840°C were determined and compared with data in the literature. Conductivity 
type and free carrier concentration of undoped GaAs epilayer were found to be 
dependent on the baking time and temperature. As the baking tenq)erature increased 
from 780�C to 820 the n-type free carrier concentration was decreasing and the 
conductivity type changed from n-type to p-type at 840�C. The origins of these 
background conductivity were believed to be O^ contamination for the n-type inqmrities. 
While for p-type in^urities, they were mainly the Si彻 and C彻 contamination at high 
ten^erature, says 840�C. In our result, the thickness ofthe deposited layer was found to 
be increasing with increasing growth teno^erature. The deposition rate ofthe epilayer 
was shown to be directly proportional to the cooling rate during crystal growth. These 
results were then verified with the theoretical model described by equation [5.1] on 
page 70 of chapter five. Background impurity level ofthe undoped GaAs layer was found 
to be 2.8x1016 ^^ means of Van der Pauw Hall measurement and this value is shown 
to be reasonable compared with the reported values in the literature. 
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Al-Ga-As ternary system was also investigated and its liquid composition on the liquidus 
was also determined and shown to be a little higher when compared with the reported 
value in the literature. We believed this is because of the experimental errors and 
instrumental discrepancies between one measuring system and another. However the data 
we got is still very useful for the future material growth in our LPE system. Flatness of 
interface between epilayer and substrate was proved to be effected by the saturation level 
of the source melt in the melt back equilibrium cooling method. A better flatness was 
foimd when a near-saturated source melt was used. An increased deposition rate of 
epilayer was resulted when the value ofAl content was lower and a higher 
cooling rate was used. These results also agree with the theoretical model. 
High aluminiun content epHayer (x=0.91) was successfuUy grown with a 
relatively shining surface, the value of x could also be controlled as accurate as lower than 
30/0 standard deviation. A linear relationship of the epilayer deposition rate as a function 
of cooling rate was proved. The effects of cooling rate on the epilayer flatness and crystal 
quality were also investigated. A better flatness was resulted by using an lower cooling 
rate (0.1 °C/min) in which an 2.4% standard deviation was found, meanwhile edge 
growth in our san^les was also proved to be suppressed. Referring to the data of rocking 
curves (as shown in table 5.15) and absorption coefficient determined by the curves of 
spectroscopic ellipsometry of four san^les (as shown in figure 5.25), a better crystal 
quality was resulted when the san^les were grown at a lower cooling rate. 
Tellurium doped Al^Ga^.^s san^les were grown and studied, free carrier concentration 
of san^les with Te% = 1x10^ was measured by means of Van der Pauw Hall method, the 
highest free carrier concentration of 9.1x10''cm'was obtained at x=0.09 while a clear 
step was marked at the transition composition from direct-band structure into 
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indirect-band one. A similar clear step was also observed in the relationship between the 
activation energy of Te against the aluminum composition x in the AlGaAs san^les when 
AlGaAs is transited from direct-band to indirect-band structure. The corresponding 
activation energy of tellurium in different A1 content AlGaAs san^les was determined by 
means of finding the ten^erature dependence of carrier concentration. Te donor energy 
level was found to be nearly zero meV at x=0.09 and x=0.23, and the highest donor 
energy level of 93.49 meV was found at about x=0.4 and then the value decreased as x 
increased. By varying the Te mole fraction in the source melt, different level of free 
carrier concentration was resulted. Free carrier concentration decreases when Te% 
decreases. The highest free carrier concentration of 4x10'' cm' was resulted with Te% 
equal IxlO� . Refractive index of the san^les was determined by using a single 
wavelength elHpsometer at 1.959 eV, and was found to be a little lower than the undoped 
sanq)les. Furthermore solubility of polycrystalline GaAs in the source melt was found to 
decrease with increasing Te mole fraction in the source melt. 
Further investigation was made for the heavily Te doped Al^Ga^.^s, when Te% was over 
1x10-3 jjjg crystal quality, surface morphology and interface between epilayer and 
substrate were found to be unsatisfactory. The half width of the epilayer peak in the 
rocking curve (as shown in table 5.15) was as large as 132 seconds when Te% equals 
5x10-3. jj^  也e mean time, aluminum con^osition determined by X-ray diffiractometry and 
Van der Pauw Hall measurement was found to be not applicable. Point defects due to the 
formation of Te con^lex was found on the surface of the epilayer and the interface 
between the epilayer and the substrate was started to be uneven when Te% was over 
1x10^ through the study using Normaski microscope. 
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CHAPTER SEVEN - FUTURE DEVELOPMENT OF LPE 
Over 50% of semiconductor devices are stiU produced using LPE based materials, LPE is most 
important for the material growth ofthe simple electronic and optical devices which involve less 
than 3 epilayers of several microns, such as GaAs and GaP based LEDs and IREDs，CdHgTe and 
MGaAs/InP IR detectors，and GaAs solar cells. For those devices with more than 3 epilayers in 
nanometers, they are GaAs based lasers, transistors and quantum well devices. 
In industry, the modem dipping LPE systems provides material layers for over one milHon simple 
devices every day in the world because of its low numing cost, ultra simple and fast crystal 
growth. Unsurprisingly, nowadays in Japan, most ofthe GaAs lasers for compact disc players are 
StiU using LPE materials, while for con^licated devices, such as tuneable twin-guide laser for 
optical communication is grown by a three-step LPE epitaxy process. 
All in all, for simple devices LPE will retain its leading position in the future, but LPE still 
inherently has a large potential in future development of providing engineering materials for 
con^licated devices. If more commercial LPE systems are available in the future as in the cases of 
MOVPE and MBE, large in^rovement will be made in the te—erature control, substrate loading 
system and epilayer thickness. Combining with its unique features in crystal growth techniques, 
LPE would definitely continue to be another attractive and aU-roimd crystal growth method for 
semiconductor devices. 
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